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Abstract
Modulation of the Rat Potassium C h an n el K v l.5
Daniel B. Saal 
1 9 9 7
1. K v l.5  is a delayed rec tifie r-type  p o ta ss iu m  c h a n n e l. We have 
exam ined  the lo ca liza tio n  o f th e  ch an n e l p ro te in  using a polyclonal 
antibody against K vl.5 . This channel is  expressed  in  n u m ero u s regions 
of th e  b ra in , p r im a rily  in  g lia l cells. Its expression is particularly  
intense in  th e  endfoot p rocesses w hich ab u t th e  m icrovascu latu re  of the 
brain . I t is also expressed in  th e  cell bodies and cellu lar processes in  the 
pituitary.
2. Im m unoprecipitation of the K v l.5  protein, from H EK  293 cells which 
were tran sfo rm ed  w ith  th e  K v l.5  gene, revealed  th a t  th e  channel is 
phosphory la ted  an d  th a t  tr e a tm e n t o f cells w ith  d ib u ty ry l cyclic AMP 
(dibcAMP) or d ibutyryl cyclic GM P (DEB cGMP) causes a n  increase  in  the 
level of K vl.5  channel phosphorylation. T here a re  th re e  C -term inal PKA 
consensus phosphory la tion  s ite s  in  r a t  K vl.5 . Removal o f these  three 
sites collectively e lim in a tes  th is  phosphory la tion . When these sites are 
m utated sep ara te ly , how ever, the channel still is p h o s p h o r y la t e d  in 
response to activators of PKA. This in d ic a te s  th a t  m u ltip le  s ites in the 
K vl.5 protein a re  phosphory lated  by  PKA.
3. P h o sp h o ry la tio n  of K v l.5  is  long  las tin g . T he c A M P - in d u c e d  
p hosphory la tion  rem ains for over a n  h o u r a fte r th e  rem oval of th e  kinase 
activator.
4. The K v l.5  phosphorylated pro tein  is sensitive to deglycosylation 
by ENDO H w hich indicates tha t phosphorylation takes place in the 
G olgi or th e  endoplasm ic re ticu lu m  p rio r  to its tra n sp o rt to  th e  p lasm a 
m em brane.
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5. We have stud ied  the  cu rren ts  produced by K v l.5  w hen it  is transfec ted  
in to  H E K  293 cells. C u rre n ts  recorded u sing  th e  whole cell technique 
ac tiv a te  rap id ly  an d  undergo lit tle  inactivation  du ring  depolarizing pulses. 
M u ta tio n  o f the  f irs t and  th ird  C -term inal PKA consensus phosphorylation 
s ites sh ifts th e  conductance voltage curves in  th e  negative direction relative 
to those derived from  wild type curren ts. T reatm ent w ith  H8, an inh ib ito r of 
p ro te in  k inases A an d  G, also sh ifts th e  conductance voltage curve of w ild 
type K vl.5  in  the negative direction.
6 . Ikv1.5 cu rren ts  recorded u s in g  th e  n y sta tin  perfo ra ted  patch technique 
in a c tiv a te  w ith  m ean  tim e  co n s tan ts  of 49 ±. 16 m sec. S im ultaneous 
rem oval of th e  f irs t and  th ird  C -term inal sites by site  d irected m utagenesis 
slows or eliminates this in ac tiv a tio n . T rea tm en t o f cells expressing th e  
w ild type K vl.5  channel w ith  H8 also slows the ra te  of inactivation.
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activator of PKC
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s d stan d ard  dev iation
SDS Sodium  dodesyl su lpha te
Sp cAMP 8-brom oadenosine 3 \5 '-c y c lic  m onophosphoro th ioate
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I n t r o d u c t i o n
P otassium  channels regu la te  the  b ase lin e  e lec tro p h y sio lo g y  as 
well as the activity  o f most know n cell types. They are involved 
in establishing the resting potential o f cells as well as the height, 
shape and pattern ing  o f action  po ten tia ls (Chandy et al., 1995; 
Perney et al., 1992). An im portant class of these proteins is the 
Shaker- type channel.
The general function o f the Shaker-type  potassium  channels is to 
flux potassium  out o f the ce ll w hen the cell's plasm a m em brane 
becom es depo larized . S h a ker- typ e  channels g en e ra te  delayed  
rectifier as w ell as A-type curren ts. A -type currents activate at 
re la tive ly  hyper po larized  p o ten tia ls . These cu rren ts activate  
quickly, and inactivate rapidly  in tens o f m illiseconds. This is 
contrasted to the delayed rectifier currents. These curren ts, first 
identified by H odgkin and H uxley (H odgkin et al., 1952), activate 
re la tively  slow ly  at m ore depo larized  po ten tia ls, and inactivate  
more slow ly than A -type currents (100s o f msec to seconds). A 
num ber of the genes that encode these various channel proteins 
and their associated  proteins have been cloned and expressed  in 
several system s. The most com m on of these expression system s is 
the Xenopus Laevis  oocyte; how ever, it has become relatively  easy 
to express the functional channel pro teins in various m am m alian 
cell types. T his thesis w ill d iscuss som e o f the d ifferences 
between these two expression system s as well as the m odulation 
of a particu lar S h a k e r - type po tassium  channel expressed  in a 
m am m alian cell system .
S t r u c t u r e -  S h a ker- type potassium  channels are a num erous and 
diverse group o f proteins. T heir structures share a num ber of 
common features. The channels are com posed o f four a  s u b u n its  
(M a c K in n o n  et al., 1991; M acK innon et al., 1993; Sheng et al., 
1993). The general structure o f an a  subunit of a S h a k e r - ty p e  
potassium  channel is com posed o f six transm em brane segm ents, a 
seventh  segm ent o f am ino ac ids betw een the fifth  and sixth
I.________
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segm ents that is believed to dip in and ou t o f the membrane and 
form  the pore of the channel. The fourth transm em brane segm ent 
has seven positively charged amino acids w hich are believed to be 
a m ajor p a rt o f the vo ltage-sensing  com ponen t o f the channel. 
The o rien ta tion  of the channel is such th a t the carboxy and the 
amino term ini o f  the protein are internal to  the cell. Although the 
co re  tra n sm em b ran e  re g io n  o f S h a k e r  ch an n e ls  is h igh ly  
co n serv ed , there  is co n s id erab le  seq u en ce  d ivergence  betw een 
d ifferen t genes in the structure and length o f  the carboxy and the 
am ino  te rm in i. (C h an d y  et al., 1995). T h e  d ifferences in the 
term ini include the presence o f putative phosphorylation  sites, the 
p resence o f an am ino-term inal inactivation  ball structure (H oshi 
et al., 1990; Z agota et al., 1990) and the presence o f sites that 
m ediate its association w ith other proteins (K im  et al., 1995). In 
addition to the a  subunit, a num ber of isoform s of 6  subunits have 
been id en tified  and cloned (R ettig  et al., 1994, M ajum der et al., 
1995). P resen tly  it is believed that the ro le  o f B subunits is to 
acce lera te  the rate of inactiva tion  o f the a  com plex  cu rren t. 
Certain B subunits seem to have specificity w hich allows them to 
in teract w ith a subset o f  a  subunits and n o t in te ract with others 
(M a ju m d e r  et al., 1995).
K v l.5 - T he particu lar channel exam ined in  th is thesis is K v l.5 . 
K v l.5  is a Shaker-type  po tassium  channel w ith  overall structure 
sim ilar to o ther channels in its class. N otable structural elem ents 
of the K v l.5  m olecule are  the absence o f an N -term inal structure 
that can  be identified  as an inactivation  "ball" as described by 
H o sh i et al. (1990), the presence of an ex tracellu lar consensus N- 
linked asp arag in e  g lycosy la tion  site, and the  presence o f four 
putative sites fo r phosphorylation  by PKA (Sw anson et al., 1990). 
One PKA site is in the N -term inus at Ser81 w hile the others are in 
the C -te rm in u s  (a fte r the  six th  tran sm em b ran e  segm ent) at 
Ser535, Ser546, and Ser569. The three C -term inal sites will be 
referred to in this thesis as C l ,  C2, and C3 respectively. The N- 
term inal site w ill be referred  to as N1 (see  F igure 1.2). When 
K v l.5  cRN A  is injected into Xenopus  oocytes a current is induced
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3
that is not subject to modulation by cAM P analogs with respect to 
the  cu rren t's  k in e tic s  o f  ac tiv a tio n , in ac tiv a tio n  or v o ltag e- 
dependence (B lum enthal 1993). A lthough there was no apparent 
e ffec t o f p h o sp h o ry la tio n  on the ch an n el w hen expressed  in 
X e n o p u s  oocy tes, we hypothesized th a t phosphorylation w ould 
affect the channel's  behavior if  the channel were expressed in 
m am m alian ce lls. M odulation of the curren t was not apparent in 
oocytes because the oocyte expression system  may not have made 
appropriate use o f the phosphorylation sites in this channel. This 
belief was re in fo rced  by the finding tha t peptides containing the 
th ird  C -term inal phosphorylation site could  be phosphorylated by 
PKA (B lum enthal, 1993). A further reason  to suspect that the 
K v l.5  channel is m odulated cam e from  w ork by Chung et al. 
(1995a). They found that there is a cu rren t in GH4 ceils w ith 
sim ilar conductance to K v l.5 , and w hose k inetics of inactivation 
are accelerated by the activation o f PKA. The channel exam ined 
in that particu lar study was TEA sensitive, unlike K vl.5 . It was 
proposed  tha t the m odulated cu rren t th a t was produced by a 
heterom ultim er that included K v l.5 .
A second issue that may be relevant to the analysis of K vl.5  is the 
baseline k ine tics o f the channel. W hen expressed  in oocytes, 
K v l.5  gives rise  to a current that is k inetically  sim ilar to that of 
o ther non-inactivating  delayed rec tifie r channels . However, the 
k inetics o f the  channel may depend on the expression system . 
L e v itan  et al. (1991) found that K v l.5  is expressed in GH4 cells, a 
ra t an terio r p itu ita ry  ce ll line. It w as a lso  found that the 
presum ed K v l.5  curren t was enhanced by treatm ent of the cells 
w ith  dexam ethasone . Chung et al. (1995b) dem onstrated that the 
dexam ethasone-enhanced  current could be specifically  elim inated  
by trea tin g  th e  ce lls  w ith  K v l.5  an tisen se  phosphoro th ioa te  
o ligonucleo tides and tha t the curren t had  an inactivation tim e 
constant betw een 50 and 150 msec (see F igure 1.1). This figure 
show s the re su lt o f  an experim ent in w hich  the dexam ethasone 
induced  in c rease  in delayed  rec tifie r  c u rren t is reduced by 
p retreatm ent o f the GH4 cells w ith an tisence, but not nonsence
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p h o sp h o ro th io a te  d eoxyo ligonucleo tides. The experim en t was 
perform ed as follow s. GH4 cells, grown in culture, were treated 
with e ith e r 1 p.M an tisen c e  o r n o n sen ce  p h o sp h o ro th io a te  
deoxyoligonucleotides for 48 hours. E ight hours before recording
from the cells, 1 pM  dexam ethasone was applied to  the ce lls. 
W hole c e ll reco rd ings w ere p erfo rm ed  in w hich tw o pulse 
protocols were used. The cells w ere held at -80 and pulsed to +20 
mV w ith or w ith out a prepulse to -30 to inactivate the A-type 
current. A currents (figure 1.1 C )w ere derived by subtracting the 
total (non prepulsed) current from  the prepulsed currents. This 
indicated  that the K v l.5  current, w hen expressed in  a certain  
system  m ay inactivate differently  from  the currents derived from 
the oocyte system . In sim ilar experim ents Roy et al. (1996) 
dem onstra ted  tha t Ik v 1.5  does no t inactivate in cultured spinal 
cord astrocy tes. This indicated that the kinetics o f I r v I .5  are 
co n tex t-d ep en d en t. B ecause o f  these find ings, we chose to 
ch a ra c te riz e  th e  channel m o d u la tio n  in HEK 293 ce lls , a 
m am m alian cell line.
M o d u la tio n  o f  p o ta ss iu m  c h a n n e ls -  M any m odu la tion  even ts 
studied in expressed clones consisted o f a decrease or an increase 
in the activ ity  o f the channel (Chandy et al., 1995). For example, 
A iy a r  et al. (1993), found that activators of PKC dim inish the 
magnitude o f K v l.3  currents expressed in Xenopus  oocytes.
The hum an hom ologue o f K v l.5  is subject to m odulation by Src 
ty ro s in e  k in a se -d e p e n d e n t p h o sp h o ry la tio n . T h e  ch a n n e l 
associates with Src and is phosphorylated by it. The effect of this 
phosphory lation  is to m arkedly d im in ish  the m agnitude o f the 
current. It is interesting that the ra t form  o f K v l.5  does not bind 
Src and is no t tyrosine phosphory lated  (H olm es et al., 1996). 
Levin et al. (1995) showed that RCK1 (K v l .l )  is phosphorylated 
and that this phosphorylation prom otes expression of the channel 
at the p lasm a m em brane o f X e n o p u s  oocytes re su ltin g  in 
enhanced cu rren t m agnitude. T hey fu rther dem onstrated that a 
particular PKA consensus phosphorylation site could be m utated
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w ith  the result o f e lim ina ting  this effect. C ritz et al. (1993) 
show ed that the m agnitude o f Kv3.1 current expressed in HEK 293 
ce lls  is dim inished by addition of PDBu (a phorbol ester which 
activates PKC). Current from  Kv3.1 expressed in NTH 3T3 cells has 
been  show n to decrease in response to treatm ent w ith TPA as 
w ell. This effect can be blocked by H7, a protein kinase inhibitor, 
in d ic a tin g  th a t the m echan ism  is k in ase-d ep en d en t and not 
sim ply an artifact of TPA. This current dim inution is in part due 
to  a decrease in the p robability  of openness o f the channel with 
TPA  treatm ent (K anem asa et al. 1995). K v l.2  current expressed 
in  N IH  3T3 cells is d im in ished  by the ac tiva tion  o f tyrosine 
k in ases  (H uang et al.; 1993). In this experim ent, tyrosine kinase 
w as ac tiva ted  v ia s tim u la tio n  o f the m uscarin ic  acety lcholine 
recep tor. By using anti-phosphotyrosine antibodies Huang et. al.
(1993) showed that the channel is itse lf phosphorylated. Another 
g roup  has used d irec t phosphorylation  of K v l . l  to dem onstrate 
th a t this protein  is phosphory lated  (Ivanina et al., 1994). They 
a lso  dem onstrated  th a t m em brane perm eant cA M P analogs can 
ca u se  enhancem ent o f  the  cu rren t in X e n o p u s  oocytes by 
in c reas in g  the p rocessing  o r transport o f the  channel to the 
p lasm a m em brane (Levin  et al., 1995).
T here are fewer exam ples o f kinetic changes in potassium  channel 
cu rren ts  as a resu lt o f  m odula tion . S trong  and K aczm arek 
d em onstra ted  tha t trea tm en t w ith P-bag ce ll pep tide or cAMP 
an a lo g s causes an in c rease  in the ra te  o f  inactiva tion  o f a 
po tassium  current in bag cell neurons o f A p lys ia  (Strong et al., 
1986). An effect o f D iC 8 (a PKC activator) treatm ent of Kv3.1 
expressed  in NIH 3T3 cells is an increase in slow inactivation. 
This effect is blocked by H7 implying that a kinase is required for 
th is process. (K anem asa et al. 1995). A third example of changes 
in the kinetics of potassium  currents is that treatm ent o f Shaker  D 
w ith phosphatases in inside ou t patches slows N-type inactivation. 
This change in the kinetics could be dim inished if  a particular site 
in the C -term inus o f the channel was rem oved. However, the 
m utated channel inactivation  kinetics were the same as the wild
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type cu rren t. This in d ica ted  th a t the m utation  a lte red  the 
stru c tu re  o f  the channel such th a t the channel behaved as if  
phosphory lated  in the absence o f  phosphate (Drain et al., 1994). 
It is notable that the PKA site exam ined in that study is analogous 
to the C2 site in K vl.5 .
F u rth e r exam ples o f m odu la tion  o f  k inetics com e from  o ther 
ch an n e l ty p es. P h o sp h o ry la tio n  has been es tab lish ed  as a 
regu la to r o f inactivation in both Ca++ and Na+ channels. Skeletal 
m usc le  sod ium  channel is m odu la ted  w ith respect to bo th  its 
k inetics o f inactivation and its m agnitude by PKC. Numann et al.
(1994) found tha t application  o f low  concentrations o f O A G, a 
m em brane perm eant, d iacylglycerol analog activator o f PKC, slows 
the cu rren t's  k inetics o f inactiva tion . A t h igher concen trations, 
OAG d im in ishes the m agnitude o f  the sodium  curren t. The 
sep arab le  natu re  o f these e ffec ts  ind icates tha t there are two 
d istinct sets o f phosphorylation sites on the channel, and that both 
are phosphorylated  by PKC. It is also possible that two different 
kinases with different sensitivities to OAG are activated at the two 
d iffe ren t concentrations. These tw o kinases could then act on the 
channel a t d iffe ren t sites. T hus, m ultip le characteristics o f  a 
single channel can be m odulated independently  by kinases acting 
at d iffe ren t locations. This find ing  points to another im portan t 
concept in m odulation of ion channels, the convergence o f m ultiple 
kinases on one channel substrate. Exam ples of complex cross-talk  
b e tw e en  d if fe re n t k in ases  has been  d em o n stra ted  to a llo w  
m u ltip le  regu la to ry  inputs to co n tro l the behavior o f a sing le 
ch an n el m olecule. Li et al. (1993) dem onstra ted  tha t the re  is 
convergen t m odulation o f PKA and PKC on the a  subunit o f  the 
N a + channel. Both kinases m ust act on the channel to cause a 
decrease  in the m agnitude o f the N a+ current. They found that 
although PKC alone had alm ost no effect on the current m agnitude 
and PKA had m inim al effect, w hen activated together the currents 
were significantly  reduced. They found no shift in activation due 
to m odulation. This result dem onstrates not only the concept that 
m ultip le kinases can act on a single channel subunit but also that
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in  c e rta in  c ircu m stan ces  m odu la tion  e ffec ts  req u ire  m ultip le 
phosphory lation  events on a single channel m olecule. Further 
co m p lex ity  has been d em o n stra ted  by A iyar et al. (1993) who 
show ed  th a t K v l.3  c u rre n ts , expressed  in o o cy tes , can be 
d im in ished  by e ith er ac tiv a tio n  o f PKC or G -proteins. In this 
thesis i t  w ill be dem onstra ted  that many o f these principles of 
co n v erg en t m odulation  are  im portan t for the regu la tion  of the 
kinetic  behavior o f K v l.5 . As w ill be shown in chapter 4, this 
concep t o f m ultiple phosphory lation  sites being responsib le for a 
particu lar phenom enon m ay be applicable to K v l.5 .
The goal o f this thesis is to further describe the localization, the 
b iochem istry , the m odulation  o f the K v l.5  m olecule and Ik v I .5 - 
T he concep tua l s tru c tu re  o f  the thesis is as fo llow s. The 
p roduction , testing and app lica tion  of an an ti-K v l.5  antibody for 
im m unocytochem istry  and im m unoprecip itation  o f K v l.5  will be 
d e sc r ib e d . It w ill be d em o n stra ted  th a t the channel is 
phosphorylated  in response to activators of PKA and PKG. The 
K v l.5  cu rren t expressed in  H EK  293 cells is then described and 
sh o w n  to  have d if fe re n t  c o n d u c ta n c e -v o lta g e  re la tio n sh ip s  
depending on the state o f phosphorylation. W e then address the 
question  o f the k inetic v a riab ility  found in d iffe ren t expression 
s y s te m s  (C h u n g  et al., 1995b) by exam in ing  the effects of 
inh ib iting  protein kinases in  cells expressing the channel and the 
e ffec ts  o f  rem oving the p u ta tiv e  PKA sites in  K v l.5  on its 
inactiva tion  rate using the nystatin-patch recording technique.
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F ig u re  1 .1 -  A n t i s e n s e  d e o x y o l ig o n u c le o t id e s  to  K v l .5  
e l im in a te  a  s lo w ly  in a c tiv a tin g  c u r r e n t .  K v l.5  a n tise n se  
d eo x y o lig o n u c leo tid e  elim inates th e  in d u c tio n  o f the delayed 
rectifier cu rren t in GH4C1 cells by dexam ethasone. Cells were 
treated w ith deoxyoligonucleotides fo r 48 hours and with 1 jxM 
dexam ethasone fo r 8 hours. (A) Show s the individual current 
traces from five cells evoked by depolarizing cells from a holding 
potential o f -80 to a prepulse potential o f -30 mV for 100 msec 
and to a test potential of +20 mV. The two conditions shown are 
d exam ethasone-trea ted  cells w ith nonsense  (left) and antisense 
(right) deoxyoligonucleotides. (B) T he average currents from the 
nonsense and an tisense  conditions are show n (left) and the 
difference curren t (right). (C) shows that there is little effect of 
K v l.5  nonsense and antisense deoxyoligonucleo tides on the A- 
type current in GH4C1 cells. Again the left side is the average A- 
c u rre n t fro m  c e lls  trea ted  w ith  n o n se n se  and an tisen se  
d eo xyo ligonucleo tides (left) and th e  d iffe ren ce  current (right). 
These current records were collectd from  the same cells in parts A 
and B. A -type cu rren ts were defin ed  by subtracting current 
evoked from pulses to +20 mV after a  prepulse o f 100 msec at -30 
mV from  cu rren ts  recorded  w ithout a p repu lse . All currents 
records w ere co llected  with 10 mM TEA  in the bath solution to 
elim inate  TEA  sensative  currents. K v l.5  and the inactivating 
current are both TEa insensitive. For details o f these experiments 
see text.
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F ig u re  1 .2: S c h e m a tic  r e p r e s e n ta t io n  o f  th e  s t r u c t u r e  o f  
K v l . 5 .  C artoon  show ing the  transm em brane topo logy , pore 
region, putative PKA phosphorylation sites, and glycosylation site.
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M e th o d s :
C o n s tru c tio n  o f  th e  e u k a ry o tic  e x p re s s io n  v ec to r: Plasm id
pD469 (Sw anson et al.y 1990) and pSP72 (Prom ega) were both cut 
w ith Seal and Sphl. As indicated in F igure 2.1, the Seal site 
divides the am picillin  resistance gene in both vectors. The K vl.5 - 
containing frag m en t and its com plem entary  fragm en t from  the 
digested pSP72 w ere gel purified and ligated. This construct was 
transformed into E. Coli D H 5a. The resulting vector and pJB20 (a 
g ift of Dr. L aurie  Rom an) were cut w ith N o tl and KpnI. The 
fragm ent contain ing  K v l.5  and the pJB20 w ere gel purified and 
ligated and again were used to transform E. Coli D H 5a cells. Maxi 
preps of the p lasm id  w ere perform ed using the W izard M axiprep 
procedure (P rom ega).
C o n s tru c tio n  o f  ce ll lines exp ressing  K v l.5 : E ither HEK 293
or NIH 3T3 cells w ere transform ed using C a++ precipitation as 
described by U kom ado et al. (1992). Approxim ately 10 pg of DNA 
w ere added to a C aC l2 solution to resu lt in a final Ca+ + 
concentration o f 244 mM  and a volume o f 500 p L . This DNA 
solution was added one drop at a time to 500 p i  o f HEPES buffer 
(275 mM N aCl, 1.5 mM  N a 2 P 0 4 , 5 mM HEPES pH  7.0). The 
resulting solution was added to 10 ml of culture medium (a M E M , 
5% FSB) and applied  to cells. A fter 24 hours, the medium was 
rem oved and rep laced  w ith fresh culture m edium  (DM EM , 10% 
FSB). 48 hours after in itial DNA application, m edia was exchanged 
fo r selective m edia (D M EM , 10% FSB, supplem ented  with 500 
p g /m l G eneticin  (G ibco)). Cells w ere m ain ta ined  in selective 
medium for tw o to four weeks. During this tim e, medium was 
exchanged every fou r to six days. Single colonies of Geneticin 
resistan t cells w ere p icked  w ith sterile tooth p icks and cultured. 
B etw een  12 and  36 c lo n es w ere ch o sen  and  su b jec t to 
e lec tro p h y sio lo g ica l and b iochem ical an a ly sis  to confirm  the 
expression o f cu rren t as w ell as the correct size of the protein 
product. M utations w ere perform ed by Dr. Edw ard Blumenthal as 
described in his thesis (B lum enthal, 1993).
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C ell c u ltu re : Cells were grown in DMEM, 10% fetal bovine serum
at 5% CO 2 , 37° C. They w ere split using trypsin  EDTA (Gibco) 
betw een every four to seven days. Stably transfected  cells were 
grow n in DM EM , 10% feta l bovine serum , and  500 p g  /m l 
G enetecin  (G ibco). F rozen stocks of cell lines w ere made by 
trypsin izing  cells, co llecting  them  in medium  (DM EM , 10% FSB, 
10% DMSO), placing 1 ml of medium in freezing vials, placing the 
freezing vials in Styrofoam  blocks in a -80 freezer, and storing the 
vials under liquid nitrogen. Cell lines were period ically  replaced 
with thawed stocks to prevent problem s associated w ith excessive 
passage o f imm ortal lines as well as contam ination.
C o n s tru c tio n  o f th e  fu s io n  p ro te in :
P ro d u c tio n  o f  th e  p la sm id  co d in g  fo r  th e  g lu ta th io n e  S- 
t r a n s f e r a s e  K v l.5  fu s io n  p ro te in :  P lasm id pD 469 (Swanson
et al., 1990) containing the K v l.5  gene was cut with B glll and Rsal 
giving a 497 base pair fragm ent. B g lll cuts the K v l.5  gene once at 
base 5 (using the first base o f the initiator m ethionine as the one 
position). R sal cuts the K v l.5  gene at 502, 2254, and 2415; 
how ever, the D469 construct does not include the la ter two sites. 
The pG EX  3 vector was cu t with BamHI and Sm al. The K vl.5  
fragm ent 5 to 502 was gel purified, inserted and ligated into the 
pGEX 3 vector. Since B g lll and BamHI share com m on sticky ends 
and both R sal and Sm al are blunt end cutting restric tion  enzymes 
there is a unique orientation the insert can assum e. The resulting 
lig a tio n  p roducts w ere used  to transform  XL 1-B lue E. coli. 
O rien ta tion  and length  w ere confirm ed by restric tio n  digestion. 
L igation  ju n c tio n  a t the 5 ’ end  o f the K v l.5  fragm en t was 
confirm ed  to be in fram e by dideoxy sequencing  (Sequenase, 
Unites States Biochemical).
E x p re ss io n  o f  th e  fu s io n  p ro te in :  M ethodology w as based on 
Smith and Johnson (1988). Bacteria were grown overnight in TB 
containing am picillin and then ten-fold diluted in to  the same type 
of m edium  and grow n fo r one to two hours before protein
; 1
i!
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production  was induced by IPTG (fina l concentration  .1 m M ). 
B acteria w ere harvested by cen trifugation  (4000 g). Cells w ere 
resuspended in phosphate buffered sa line  containing 1% Triton X- 
100 and PM SF and lysed using a pin sonicator. Bacterial debris 
was rem oved by centrifugation o f the lysate at 1 0 ,0 0 0  g for 10 
m inutes. L ysate  was mixed with presw ollen  glutathione agarose 
beads (S igm a). T he fusion p ro te in  bound to the beads w as 
purified by w ashing the beads with M TPBS. Purified protein was 
eluted by w ashing the beads w ith free  g lu tathione solution (50 
mM Tris pH  8.0, 5 mM glutathione). The resulting purified protein 
w as s u b je c t  to  SDS P A G E  a n d  w as q u a n tif ie d  by  
sp ec tro p h o to m etric  m eans.
A n tib o d y  p r o d u c t io n :  The K v l.5  fusion  protein was injected
into tw o rabb its . Blood was harvested and analyzed by ELISA . 
W hen tite rs  reached  64,000 for the fusion  protein , bloods w ere 
drawn w eekly until a final bleed was perform ed. All work w ith 
the rabbits and ELISAs were perform ed by E ast Acres B iologicals. 
The injection schedule was as follows:
Day 1: Initial injection and collection o f preimmune sample
Day 21: Boost 1
Day 42: Boost 2
Day 49: Test
Day 63: Boost 3
Day 70: Test/production bleed.
A n im a ls  w ere  boosted  m o n th ly  d u rin g  the an tib o d y  
production phase by repeat injection o f the fusion protein. (East 
Acres B iologicals catalogue)
T e s tin g  a n t ib o d y  sp e c if ic ity  a n d  a c t iv i ty
A. W e s te rn  b lo t o f  th e  fu sio n  p ro te in : B acterial protein  w as 
separated by PAGE. Two parallel gels were run. One gel was fixed 
in 10% acetic  acid and 50% m ethanol and then stained w ith 
Coom assie B rillian t blue (Sigm a). S taining was accomplished by
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soaking the gel in a 0 .2 % coom assie dissolved in  fix solution after 
w hich the gel was w ashed in fix  until the background was low 
enough to allow  visualization o f the protein bands. The gel was 
then d ried  at room  tem perature by placing it betw een two sheets 
of gel drying medium (BioDesign Inc., Carmel, NY). The second gel 
w as used  fo r tran sfer and  w estern  ana ly sis . P ro te in s were 
tra n s fe r re d  to  Im m o b ilo n  (M illip o re , M A) u sin g  a G enie 
E le c tro p h o re tic  B lo tte r w ith  p la tin ized  p la te  e lec tro d es  (Idea 
S cientific, M N). T ransfer buffer for bacterial pro teins consisted of 
25 m M  T ris, 192 mM  g lyc ine, 20%  m ethano l. A ll sponges, 
W hattm an paper, and Im m obilon  w ere soaked in  transfer buffer 
for at least 30 m inutes p rio r to the transfer to m inim ize bubble 
form ation . T ransfers w ere done fo r 2 hours at 12 volts. Total 
p ro te in  transferred  to the m em brane was v isua lized  by soaking 
the blot in im ido black or ponseau red for 2  m inutes and washing 
in d istilled  water. Blots w ere pre blocked in TBS, 4% dried milk 
(Carnation, Nestle Co., CA), and .1% Triton X-100 (BLOTTO) for 2 to 
14 hours. Prim ary antibody was applied in BLOTTO. Blots were 
w ashed in TBS with .1% T riton  X -100 and exposed to secondary 
an tibody . A lkaline phosphatase conjugated goat anti rabbit IgG 
(Bio Rad) was applied at a dilu tion of one to 1000 for 1 hour and 
w ashed as above. Im m unoreactivity was visualized using the Bio- 
Rad BC IP kit. A fter im m unoreactiv ity  was seen the reaction was 
stopped by w ashing the blots in distilled  water.
B. I m m u n o p r e c ip i t a t io n  o f  in vitro t r a n s l a t e d  p ro te in :  
P rotein  w as produced using the TnT  Coupled re ticu locy te  Lysate 
System  (Prom ega) with 35S-M ethionine. Plasm id pD 469 was used 
as tem p la te  fo r the tran sc rip tio n -tran sla tio n . A liq u o ts  o f  the 
translation  reactions were dilu ted  w ith RIP A (150 mM  NaCl, 1.0% 
NP-40, 0 .5  % Deoxycholate, 0.1%  SDS, 50 mM TR IS, pH  8.0) and 
im m unoprecip itated  by add ition  o f the rabb it an ti K v l.5  serum 
(1:250) fo llow ed by protein A -sepharose (Pharm acia). Protein A- 
sepharose beads w ere w ashed w ith RIPA buffer (H arlow  & Lane, 
1988). Im m unoprecipitated  pro tein  was eluted by boiling in 2X 
protein loading buffer (125 mM  Tris, 4% SDS, 10% Glycerol, .02%
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B rom phenol blue, 4% 6 -m ercaptoethanol (D avis et al., 1986)) for 
ten minutes. Sam ples w ere subjected to SDS PAGE. Gels w ere 
fixed in 10% acetic  acid  and 50% m ethanol, washed in d istilled  
w ater for 15 m inutes, soaked in A utofluor (N ational D iagnostics) 
for 1.5 hours, rinsed  in w ater and dried under vacuum.
C. Im m u n o p re c ip ita tio n  o f  K v l.5  fro m  c u l tu re d  cells: Cells 
expressing K v l.5  w ere grown to near confluence. M edium was
rem oved and rep laced  w ith  M ethionine-deficient DMEM (G ibco) 
and cells were incubated  fo r 30 minutes to deplete cellular stores 
o f  M ethionine. M edium  was then rep laced  w ith M ethionine- 
deficient medium supplem ented with 35S-M et (.1 mCi /  1ml). Two 
ml o f 35S medium w ere added to each ten centim eter plate. The 
p lates were then incubated  for 6  hours. Cells were washed three 
tim es with phosphate buffered saline (PBS) and harvested in 150 
mM NaCl, 1% NP40, .5% Deoxycholate, .1% SDS, 50 mM Tris pH 7.5, 
PM SF, e-am ino cap ro ic  acid, and L eupeptin  (R IPA  buffer plus 
pro tease inh ib ito rs). C ell lysates were incubated  on ice for 2 
hours and p rec ip ita ted  m aterials were spun out and discarded. 
P rotein  A -sepharose beads (Sigm a) were added to the lysate and 
in c u b a te d  fo r o n e  h o u r  and spun ou t to  p re -c lea r  any  
nonspecifically binding proteins. Antibody was then added to the
lysates and allowed to incubate for 12 hours at 4° C. Lysates were
once again spun to  c lear any precip itates. P ro tein  A sepharose 
beads were added to the lysates and the m ixture was incubated 
fo r one hour. B eads w ere then w ashed in RIPA buffer three 
tim es. Proteins w ere elu ted  off the beads and analyzed as above 
in the in vitro tran sc rip tio n /tran sla tio n  p rocedure . A nalysis o f
glycosylation was perform ed by treating eluted protein with ENDO 
H (ENDO H f New England Biolabs, MA) fo r 2 to 6  hours at 37° C. 
This reaction was carried  out in sample loading buffer.
Im m u n o p re c ip i ta t io n  o f  32P labeled  cells: Cells were grown
to  near confluence. M edia  was rem oved  and replaced w ith 
phosphate deficient m edia (Gibco DMEM #1971) and incubated for 
30 min. M edia was then replaced with phosphate deficient media
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supplem ented  w ith 32P (1 m Ci/2 ml./lO cm. plate). Cells were 
then incubated  for three hours a t which tim e pharm acological 
agents were added as follow s: H7 100 pM  (S igm a), D ibutyryl
cyclic AM P 2 mM (Sigm a), CPT cAM P 1 mM (Sigma), Dibutyryl 
cyclic GMP 2 mM (Sigm a). Plates were returned to the incubator 
for 30 m inutes, and then  w ashed three tim es w ith phosphate 
buffered saline (PBS). Cells w ere harvested in 100 mM NaF, 50 
mM NaCl, 1% NP40, .5% Deoxycholate, .1% SDS, 50 mM Tris pH 7.5 
(RIPA buffer). Im m unoprecipitation was carried out as described 
ab o v e .
Quantitation o f the level o f  incorporated 32P was done using an IS 
1000 D igital Imaging System  (A lpha Innotech Corporation).
C ell s ta in in g : Cells were grown on glass cover slips. A fter four 
days in culture, cells w ere w ashed w ith PBS and fixed for 10 
m inutes in 4% paraform aldehyde, followed by a wash w ith PBS 
pre-blocking with DMEM, 10% FSB, 0.1% Triton X-100 for two 
hours. C eils were then incubated  in anti K v l.5  serum  (1:500 
diluted in DMEM, 10% FSB, 0.1%  Triton X-100) for 2 hours and 
w ashed  w ith PBS. T he secondary  antibody, a T exas Red 
conjugated goat anti rabbit antibody (Vector, CA) was applied at a 
dilution o f 1:400 for one hour. Cells were then washed w ith PBS 
and m ounted using A qua-Polym ount (Polysciences, PA). Cells 
w ere v isualized  and pho tog raphed  using a N ikon m icroscope 
sy s te m .
T is s u e  se c tio n  s ta in in g :  A du lt rats were anesthetized  with
N em butol (1 mg/ml solution 1 m l/rat) and perfused transcardially  
with PBS and then 4% paraform aldehyde. Brains w ere dissected 
and post fixed for one hour in 4% paraform aldehyde follow ed by 
10% sucrose/PB S for six hours. B rains w ere then frozen on 
pow dered dry ice and 50 p M  sections were cut using a cryostat. 
The sections were pre-blocked w ith DMEM containing 5% horse 
serum  and 1% Triton X -100 for one hour. They w ere then 
incubated with anti K v l.5  antiserum  (diluted 1:500 or 1:1000) or
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with m onoclonal anti GFAP antibody (d ilu ted one to 2000) (Sigma) 
overn igh t at room  tem perature. A nti K v l.5  serum  was pre 
in c u b a te d  w ith  c e l lu la r  ly sa tes m ade from  NIH 3T3 ce lls  
transfected with Kv3.1 or K v l.5  for 4 hours to reduce nonspecific 
s ta in in g  and to  dem o n stra te  im m une sp ec ific ity , respective ly . 
A fter incubation, sections were washed in PBS and incubated w ith 
H R P -conjugated  secondary  antibody. S ta in ing  was v isualized  
using diam inobenzidine (Sigma) intensified w ith N 1SO4 .
W h o le  ce ll r e c o r d s :  E lec tro p h y sio lo g ica l record ings w ere
perform ed using an EPC 7 (L ist-E lectronic, D arm stadt, Germ any) 
patch clamp am plifier. Data was filtered a t 1 to 10 kHz using an 
eight pole Bessel filte r (Frequency D evices, MA). Some whole cell 
reco rd ings w ere sto red  and analyzed using  the Basic F astlab  
A cquire and Read (Indec Systems, CA). N ystatin and additional 
w hole cell records w ere stored and analyzed  using PClam p 6 
(Axon Instrum ents, CA). Time constants o f inactivation for on cell 
data  w ere fit using a single exponentia l which was calculated  
using  the C hebychev  m ethod. P ip e tte s  (TW  150-4 W orld  
P recision  Instrum en ts, FI) were pu lled  using  a vertical p u lle r 
(N arshige, Japan). P ipettes were flam e polished using a N arshige 
M F-83 (Narshige, Japan). Pipette resistances ranged from 2 to 4 
m ega Q. . W hole ce ll and nystatin records were leak subtracted 
using a P/4 pro tocol and com pensated fo r capacitance and series 
resistance using the EPC 7 com pensation controls. Pipettes were 
either coated with Sylgard (Dow, M idland M I) or wax, to minimize 
the capacitive artifact.
E le c tro p h y s io lo g y  s o lu t io n s :  The bath  solution contained 130 
mM NaCl, 5 mM KC1, 10 mM  NaHEPES, 2 mM  CaCl2, 1 mM M gCh, 10 
mM  glucose. T he p ip e tte  so lu tion  fo r w hole cell record ing  
contained 120 mM KC1, 1 mM CaCl2 , 1 mM  M gCl2 , 11 mM EGTA, 10 
mM  NaHEPES, and 2 m M  NaATP. W hole cell and nystatin records 
w ere collected w ith 10 m M  TEA and 10 m M  Ca++  added to  the 
bath solution. The additional 10 mM C a++ in the bath solution 
fac ilita te s  form ing g iga-ohm  seals. TEA  helps insure that the
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cu rren t records axe due to K v l.5  w hich is insensitive to TEA. 
H igher bath  calcium  concen tra tions d id  not appear to  alter the 
k inetics or m agnitude o f the currents relative to data collected  in 
the presence of low Ca++- N ystatin  pipette solution contained 120 
m M  KC1, 10 mM EGTA, 5 m M  M gCl2 , 40 mM Hepes pH 7.35 with 
.45 m g/m l Nystatin (Sigm a, M O) and Pluronic acid, one grain per 
10 m l, was added to the pipette  solution. Nystatin was solubilized 
in a g lass tube a t 4.5 m g/ 300 p i  DM SO by bath son ica tion . 
N ysta tin  and pluronic acid w ere added to the pipette solution and 
then sonicated  again. All solutions w ere filtered through .22 pM  
syringe tip  filters.
P h a r m a c o l o g y  f o r  e l e c t r o p h y s i o l o g y :  H 8 (R e se a rc h
B iochem icals International, , M A) was used at a  final concentration 
o f 20 or 100 pM . Cells w ere pre-treated  with H8 for 45 minutes 
to one hour before reco rd in g . C PT cAM P was used  at a 
concen tration  of 1 mM. C ells treated  with CPT cAM P were p re­
incubated  in culture m edium  and recorded from  for less than 45 
m inutes w ith the drug presen t in the recording solution.
A n a ly s is  o f  d a ta : S tatistical analyses o f the differences between
groups o f data were perform ed using Excell (M icrosoft) two tailed 
o r one ta iled  students t- te s t. G raph ing  and data p resen ta tion  
w ere  perfo rm ed  using PC LA M P -6  and Origin (M icrocal). Non 
param etric  tests were perform ed using Instat.
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F ig u re  2 .1 : S c h e m a tic  o f  th e  c o n s tru c t io n  o f  th e  K v l .5  
e u k a r y o t ic  e x p re s s io n  v e c to r .  The in se t highlighted partia l
circles in pSP72, D 469, and the in term ediate vector represent the 
fragm ent th a t was p u rified  and used in  the next step o f the 
synthesis. S ites used are described in the text.
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C h a p ter  3
The various potassium  channels are expressed  in  specific regions 
and cell types o f the brain. The particular functions of each cell 
type and brain region  define particular channel requirem ents. For 
exam ple, neurons in the auditory system need to rapidly respond 
to input signals to m aintain  tem poral fide lity  o f the inform ation. 
The potassium  channels expressed in these neurons must activate 
rapidly and at re la tively  depolarized potentials. Kv3.1, a channel 
w ith these required  characteristics, is expressed  in a num ber of 
auditory p rocessing  nu c le i of the brain (K anem asa et al., 1995; 
P e r n e y  et a l., 1992). Specific ch an n els  m ay be reg ionally
expressed to allow  particu lar cells the ab ility  to m odulate their 
ionic activity. W here one cell type may becom e hyperpolarized in 
response to a horm one or second m essenger, another cell type will 
depolarize and becom e activated by the sam e stim uli. This is 
accom plished by regu la ting  receptors, transduction  pathways, and 
by expressing channels tha t respond d iffe ren tly  to the stim uli. 
Thus, the location and distribution o f a g iven  channel com bined 
w ith inform ation abou t its physiology and m odulation  can give 
inform ation about the biology of the channel as well as the cells 
that express it.
In order to study the localization and m odulation  o f the K v l.5  
protein, we generated a polyclonal antibody to the N-term inus of 
the channel. pG E X , a  com m ercia lly  av a ilab le  system  for 
g en e ra tin g  g lu ta th io n e  S -tra n s fe ra se  fu s io n  p ro te in s , was 
em ployed. The product o f  the bacterial expression o f this protein 
was injected into rabb its  and the resulting sera w ere utilized in 
sta in ing  tis su e  se c tio n s  and cu ltu red  c e lls  as w ell as in 
im m unoprecipitations o f K v l.5  protein expressed in N IH  3T3 and 
HEK 293 ce lls . T he antibody was also  used to study basic 
biochem ical aspects o f the channel such as the glycosylation and 
phosphorylation by PKA and PKG. The phosphorylation data will 
be discussed in C hapter 4.
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R e s u l t s
F u s io n  p ro te in  a n d  a n t i  K v l .5  a n t ib o d y  p ro d u c t io n :  As
d esc rib ed  in ch ap ter 2, w e p rod u ced  a K v l.5 -g lu ta th io n e  S- 
tran sfe rase  fusion  p ro tein  w hich  w as successfu lly  expressed  in 
XL 1-b lu e  E. coli. As seen in Figure 3.1 A, the protein can be 
produced as expected. B acteria containing the native pGEX vector 
produced a protein of approxim ately  30 kD (lane 6 ). The fusion 
p ro te in  is p a rtia lly  deg raded  bu t there  is a d is trib u tio n  of 
fragm ents from  49 to 30 Kd in  size (lane 9). S ince the protein 
show n is affin ity-purified  fo r its ab ility  to bind glu tath ione, the 
degradation  is likely to be in the C-term inus. S ince we used the 
fu s s io n  p ro te in  to p ro d u c e  a p o ly c lo n a l a n tib o d y , th is 
heterogeneity  is not a problem  although it m ay bias the antibody 
production  to the N -term inal part o f  the channel. The antibody 
m ade against the fusion pro tein  does react w ith the fusion protein 
in w estern  analysis. F igure 3.1 B shows a w estern  blot probed 
w ith  an ti K v l.5  fusion p ro te in  serum . The purified  and crude 
so lub le  p ro te in  as w ell as th e  in so lub le  pro tein  fractions show 
im m unoreac tiv ity  (lanes 8 , 9, and 10). This ind icates that a 
sign ifican t portion of the protein is insoluble. It also dem onstrates 
that the im m unization was successfu l and that the serum  reacts 
w ith the construct. Lanes 5, 6 , and 7 show that the antibody 
recogn izes the native g lu ta th ione-S -transferase  p ro tein .
A ntibody  specificity  was dem onstra ted  by im m unoprecipitating in 
v itro  tran s la te d /tran sc rib ed  K v l .5  p ro te in . U nder the same 
conditions, the antibody did no t im m unoprecipitate K v l .6  protein. 
As show n in figure 3.2 F, the  antibody precip itates a protein of 
approx im ately  60 kD. To fu rther dem onstrate specificity  o f the 
an tibody , N IH  3T3 cells stab ly  transfected  w ith e ither K v l.5  or 
K v l .3 w ere  sub ject to im m unoprecip ita tion  by the anti K v l.5  
serum . F igu re  3.2 G show s tha t the antibody is effective  in 
p recip itating  protein from the ce lls expressing K v l.5  but not from 
cells exp ressing  Kv3.1. The K v l.5  pro tein  im m unoprecip itated  
from  the cell extracts appears as a doublet on the gel. This
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doublet ran at approxim ately 80 kD . In order to determ ine the 
basis fo r the sh ift in the apparent p ro te in  size, we treated  the 
im m unoprecipitate with ENDO H, a deglycosylating enzyme. ENDO 
H cleaves high m annose N-linked glycosylation from  proteins (NEB 
C atalog 1995). F igure 3.3 shows th e  effect o f deglycosylating 
im m unoprecip ita ted  3 5 S-m ethionine labeled  K v l.5  from HEK 293 
cells w ith EN D O  H. There is a sh ift o f  approxim ately 10 kD 
dem onstrating tha t K v l.5  is glycosylated in HEK 293 cells. The 
pred icted  m olecu lar w eight o f K v l.5  is 6 6  kD . Therefore the 
deglycosylated product is approxiam ately the predicted size.
In addition to the 80 kD doublet, there is a consistent finding o f a 
low er m olecular w eight band at approxim ately  50 kD. This band 
also appears to be glycosylated as indicated by a shift o f mobility 
o f approxim ately 5 kD after treatm ent w ith ENDO H. This band 
m ay represent a degradation product o f the K v l.5  protein or a co­
precip itated  6  subunit (Rettig, 1994).
O nce the specificity  o f  the antibody had been dem onstrated by 
im m unoprecip itation , we used the an tibody  to stain  cultured cells 
w hich expressed K v l.5 . Figure 3.4 B shows NIH 3T3 cells that 
have been transfected w ith K v l.5 . F igure 3 .4  A shows that cells 
tha t are not transfec ted  with the channel gene are not stained 
w ith the antibody. GH4 cells (Figure 3 .4  C) as well as cultured 
spinal cord astrocytes (Figure 3.5) w ere stained by the antibody. 
Both of these cell lines are known to express K v l.5  (Levitan, 1991; 
R oy, 1996). K v l.5 -tran sfec ted  NIH 3T 3, and cultured astrocytes 
show  a p e r in u c le a r  sta in in g  p a tte rn . T h is sta in ing  pattern  
indicates that there are channels in the in ternal membranes o f the 
cell. GH4 cells are sm aller and round and therefore do not allow 
us to see regional staining.
Rat brain slices w ere also stained with th is antibody. Figure 3.6 
A shows a low -m agnification  im age o f the pitu itary  stained with 
K v l.5  antibodies. F igure 3.6 B is a h igher m agnification image of 
the anterior pitu itary . This staining is consisten t with the finding
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that GH4, an im m ortal line m ade from  pituitary, expresses K vl.5 . 
F igure  3 .6  C is a high m agn ifica tion  im age o f  the posterior 
p itu ita ry  show ing  sta in ing  o f  sca tte red  ce lls  and  processes 
(m arked  w ith  arrow s). T hus, both the an terio r and posterior 
p itu itary  contain  K v l.5 . The in term ediate region o f the pituitary 
does not stain w ith the antibody.
In many regions o f the brain, the  apparent staining pattern of anti
K v l.5  antibodies is almost identical to that of anti GFAP antibodies 
which is shown in Figure 3.2. F igure 3.2 A and B show staining of 
astrocy tes in the cerebellum  w ith  an ti K v l.5  and anti GFAP, 
respective ly . F igure 3.2 C show s that preincubation of the anti 
K v l.5  serum  w ith  lysates o f N IH  3T3 cells expressing  K vl.5
dim inishes the staining. This dem onstrates the specificity  o f the 
an ti-K v l.5  antibody in tissue staining. The staining is found in the 
B ergm ann g lia  in  the ce ll bodies as well as in the endfoot
processes that con tact the pial surface. Stellate-like astrocytes are 
stained in the granule and Purkinje cell layers. 3.2 D and E show 
K v l.5  staining a t higher m agnification in the hippocam pus. Bulky 
s te lla te  as trocy tes are sta ined  in  the h ilar reg ion  as w ell as 
s len d er can d les tick  p rocesses in  the m olecular lay er o f CA1 
(Figure 3.2 E).
Figure 3.7 A, B and C show specific staining o f glia found in cells 
su rro u n d in g  h ip p o cam p a l b lo o d  v esse ls . T he s ta in in g  is 
particu larly  in tense in the endfoo t processes that abu t the blood 
vessels as shown by the arrows in figure 3.7 C. This is consistent 
w ith the idea  tha t the ro le  o f g lia l ce lls and K v l.5  is spatial 
buffering  o f  potassium . The sam e pattern  o f stain ing is shown 
when glia are stained with antibodies to GFAP (Figure 3.7 D).
D is c u s s io n
W e have d em o n stra ted  th a t w e have g enera ted  a K v l .5- 
g lu ta th ione  S -transferase  fusion  p ro te in  w hich can be used to 
r a i s e  a n t i b o d i e s  f o r  i m m u n o h i s t o c h e m i s t r y  a n d  
im m unoprecip ita tion  of the K v l.5  channel. This technique has
I
fl
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been used successfully by a num ber o f groups in the past (Cai et 
a l., 1993; U kom adu et al., 1992). A lthough the antibody was 
effective in these two m odalities it was not useful for western blot 
analysis of the expression o f this channel in eukaryotic cells.
Swanson et al. (1990), predicted an extracellu lar glycosylation site 
based on the amino acid sequence o f the K v l.5  protein. We have 
show n th a t indeed the channel is g lycosy la ted . The protein 
probably runs as a doublet because o f its d ifferent glycosylation 
states. Santacruz-Toloza et al. (1994) have dem onstrated that the 
S h a ke r  po tassium  channel is g lycosylated in both oocytes and 
insect ce ll cu ltu re . S im ilar to our data, they found that the 
channel ru n s as a d o u b le t on PA G E  due to  d iffe re n tia l 
g lycosylation . H ow ever, they found that this g lycosylation had 
little or no effect on currents when expressed in oocytes. This is 
con trasted  by calcium  channels in  card iac  m yocytes in w hich 
d e g ly c o sy la tio n  in c re a se s  the  m ag n itu d e  o f th e  T -c u rren t 
com ponent o f  the total Ic a ++ but does not affect the L-current (Yee 
et al., 1989). The specific value of glycosylation of potassium  
channels is unclear. It is possible that there is no specific value of 
g ly co sy la tio n  specific  to the e lec tro p h y sio lo g ica l functions of 
potassium  channels, but instead  channel g lycosy lation  facilita tes 
targeting, cycling, or protection from  circulating  proteases as has 
been shown fo r other m em brane proteins (Pittm an et al., 1994).
In addition to the m ajor band resulting from  im m unoprecipitation 
o f  K v l .5 ,  a lo w e r m o le c u la r  w e ig h t b an d  is a lso  
im m u n o p rec ip ita ted  (F ig u re  3 .3). T h is low er band is not 
im m u n o p re c ip i ta te d  f ro m  n o n - t r a n s f e c te d  c e l l s ,  w h ich  
dem onstrates tha t the low er band is specifically  associated with 
K v l.5 . I t is possible that a second subunit may co-precipitate 
with K v l.5 . This is sim ilar to the findings o f Rettig et al. (1994). B 
subun its  have n o t been p red ic ted  to  co n ta in  transm em brane 
dom ains and to  be cytoplasm ic. T herefore , know n B subunits 
should no t be glycosylated. Figure 3.3 shows that the lower band 
is g lycosy la ted . Thus, the low er m olecular w eight band may
; i _ ________
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represent a novel 6 subunit. It is equally possible that the low er
m olecu lar w eight band is a degradation  p roduct o f the m ajor
K v l.5  bands.
O ur stain ing  experim ents dem onstrate tha t K v l.5  is expressed  in 
g lia l ce lls in  the hippocam pus. G lial cells in the hippocam pus 
exp ress delayed  rec tifie r-ty p e  po tassium  cu rren ts  (Son theim er et 
a l., 1993). Furtherm ore, a large proportion of the delayed rectifier 
curren t is insensitive to TEA. K v l.5  is TEA insensitive (Swanson 
1990). This is unlike m ost neurons in w hich the delayed rectifier 
currents tend to be TEA sensitive (Sontheim er et al., 1994). Thus, 
it is likely  that K v l.5  is a m ajor com ponent of the glial current. 
R o y  et al. (1996) have show n that an tisense  phosphoro th ioate  
deoxyoligonucleo tides to K v l.5  elim inate a la rge portion of the 
T E A -insensitive  delayed rec tifie r current in cultured spinal cord  
astrocytes. A lthough the evidence presented in these papers and 
in this thesis dem onstrate that K v l.5  is expressed in glial cells, 
there is no defin itive explanation of the ro le potassium  channels 
p lay  in g lia l cells. T hese  cells do not norm ally  fire  action  
poten tials and therefore do not need the repolarizing function of 
potassium  channels. One model is that the glial cells are required 
fo r bu ffe rin g  po tassium  re leased  by neighboring  neurons w hen 
the neurons are highly active (O dette et al., 1988; Newman et al., 
1984). T his p rocess, term ed "spatial buffering", p revents the 
concentration  o f potassium  in the ex tracellu lar m ilieu o f neurons 
from  becom ing  too high and depo lariz ing  the  neurons. G lia  
em ploy an inw ard rec tifie r and the sodium -potassium  A TPase to 
take up potassium  and red istribu te it by releasing  it from  d istal 
parts of the glial cell to areas o f the brain with lower activity or to 
spaces tha t can  act as po tassium  sinks. N ew m an et al. (1984) 
dem onstra ted  tha t re tin a l g lia l cells re lease  potassium  in the ir
endfoot processes. The endfoot processes o f these cells are near
the vitreous hum or which can tolerate influx of potassium  and can 
ac t as a sink. N ew m an also  asserted  tha t a sim ilar ce llu la r 
anatom y exists in other regions o f the CNS. In these other regions 
the potassium  sinks are blood vessels and the pial surface of the
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brain  (N ew m an et al., 1986). These m odels p red ic t that delayed 
rec tifie r-type  potassium  channels w ould be found in the endfoot 
processes o f glia. We found the staining fo r K v l.5  in the endfeet 
processes o f g lia  and also in the rest o f the cell. Figure 3.7 shows 
that the g lia  surrounding blood vessels are particu larly  stained by 
the an tibody . In addition , there is in tense sta in ing  of endfoot 
processes. It is possible that the staining outside o f  the endfeet is 
not exclusively  due to channels on the p lasm a m em brane of the 
cell. S ince the cells w ere perm eabilized  p rio r  to  staining, the 
channel protein  in  the endoplasm ic reticulum  and G olgi apparatus 
is a lso  sta ined . This is  co n sis ten t w ith  the sta in ing  pattern  
observed in cultured spinal cord astrocytes, K v l.5  transfected HEK 
293 and K v l.5  transfected  N IH  3T3 cells in w hich a perinuclear 
staining pattern  was observed.
A varia tion  o f  the N ew m an m odel that may be im plied by our 
data is that the delayed rec tifie r potassium  channels are active all 
over the  ce ll bu t the N a-K  A T Pase and inw ard  rec tifie r are 
localized in the regions o f  the cell that take up potassium  and not 
in the end feet so there is a greater net efflux o f potassium  in the 
endfeet. In the soma, for exam ple, potassium  is taken up by the 
A TPase and the inw ard ly  rec tify in g  p o tassiu m  channel (K ir). 
Release o f  potassium  takes place over the whole surface of the cell 
v ia  d e lay ed  re c t if ie r - ty p e  ch a n n e ls , bu t s in c e  the up take 
m echanism s are active in the som a, the po tassium  released there 
is recaptured. A lthough th is m odel appears to im ply inefficiency 
on the part o f the cell it m ay be useful for the brain to have the 
potassium  w hich is taken up by the glia returned to the region of 
neuronal ac tiv ity  w here the  neurons can take it  up after their 
activity has subsided. The m odel allows a dynam ic relocation of 
potassium  aw ay from , and back to the neurons as needed.
A sim pler but nontriv ial m odel is that K v l.5  sim ply allows the 
ce ll to  m a in ta in  a h y p e rp o la riz ed  re s tin g  p o te n tia l so tha t 
p o tassiu m  in flu x  can o cc u r m ore read ily  w hen neighboring  
neurons becom e active . I t is know n that there are m ultiple
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potassium  channels in glia. For example, there is a TEA-sensitive 
com ponent o f the delayed rectifier which is not I k v 1.5 - There is 
also an A -type cu rren t in  g lia l cells (S on the im er et al., 1994). 
T hus, o ther channels cou ld  be re sp o n sib le  fo r the localized  
outw ard potassium  flux involved in spatial buffering.
In addition to glial stain ing, we have also found that the pituitary 
expresses K v l.5 . This is not a surprise, since it has been shown 
that GH4 cells express K v l.5  mRNA (L evitan  et al., 1991) K v l.5  
cu rren t, (L ev itan  et al., 1991; Chung et al., 1995) and we have 
show n stain ing  o f G H 4 cells fo r K v l.5  p ro te in . The current 
associated w ith K v l.5 , and the mRNA for K v l.5  are up regulated 
by the stero id  horm one dexam ethasone. T hus, in the liv ing  
anim al, dexam ethasone should tend to hyperpolarize the cell and 
dim inish secretion o f horm one by the cell. W ang et al. (1994) 
have show n that the app lica tion  of po tassium  channel blockers 
increases the release o f prolactin from the ce lls. Conversely, one 
m ight expect that an increase in  channel expression would cause a 
decrease in the release o f  prolactin.
(
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F ig u re  3 .1 : P ro te in  gel a n d  w este rn  b lo t o f  fusion  p ro te in  
p r o d u c t io n  a n d  p u r i f ic a t io n .  A. C oom assie B rillian t blue 
sta in ed -g e l o f  E. coli proteins from  contro l (lanes 1-3), native 
pG EX -3 transfec ted  E. coli (lanes 4-6), and K v l.5  - PGEX fusion 
(lane 7-9). The first lane o f each construct is total lysate. The 
second lane is the insoluble pellet. The third lane is the eluent 
from  the glutathione column. B. W estern blot perform ed with the 
anti-K v 1.5-pGEX-3 fusion protein antibody against a  gel loaded (as 
in A).
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F ig u re  3 .2 : S ta in in g  o f  r a t  b ra in  sections w ith  a n t i  K v l.5 - 
P G E X 3 a n d  a n t i  G F A P  a n tib o d ie s  an d  im m u n o p re c ip ita tio n  
o f  K v l.5  p ro te in  u s in g  th e  a n t i  K v l.5 -P G E X 3  a n tib o d y . A.
B , C om parison o f the im m unohistochem ical sta in ing  pattern  seen
in the cerebellum  for anti K v l.5  (A ) and anti GFAP (B ) antibodies. 
C shows control im m unostaining following preincubation  o f K vl.5  
antibodies w ith whole ceil lysates o f K vl.5 -transfected  fibroblasts. 
In the m olecu lar lay e r (m ), both anti K v l.5  and  an ti GFAP
an tibod ies in tensely  sta in  th e  processes o f the B ergm ann glia  
includ ing  the ir endfeet a t th e  p ia l surface. In add ition , scattered
ste lla te-like astrocytic processes are stained in the granule cell (g) 
and Purkinje (p) cell layer. D, E . High m agnification  o f K v l.5  
im m u n o s ta in in g  in  th e  h ip p o cam p u s. B u lk y  s te lla te - l ik e  
astrocytic processes are stained in the hilar region (D ) w hile more 
slender candlestick  p rocesses are seen in the m olecu lar layer of 
CA1 (E). Bar is 8 p.m in length. F, G. Specificity  o f  the K v l.5  
antibody. F . The first tw o lanes, labeled K vl.5  and K v l.6 , show 
p ro d u c ts  o f  the in vitro tran s la tio n  o f K v l.5  and  K v l .6 , 
resp ec tiv e ly . L anes lab e led  K v l.5  I.P. and K v l .6  I.P . show 
im m u n o p re c ip ita te s  u s in g  K v l .5  an tise ru m , d e m o n s tra tin g  
specificity  o f  the antibody fo r K v l.5  over K v l .6 p ro tein . Proteins 
w ere labeled w ith 35S M ethionine. G. Im m u n o p rec ip ita tes  of 
3 5s_M et labeled proteins from  transfected ceils expressing  either 
Kv3.1 or K v l.5  channels, using K v l.5  antiserum. N o protein was 
im m unoprecipitated  from  ce lls  expressing Kv3.1.
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F ig u re  3 .3 : K v l.5  is g ly co sy la ted  a n d  its  gel m o b ility  can  
be s h if te d  by  t r e a tm e n t  w ith  E n d o g ly co s id ase  H. This gel 
con ta in s 35S-labeled  im m unoprec ip ita tes  p e rfo rm ed  using  anti 
K v l.5  antibodies. Lanes are as follows: un transfec ted  HEK 293 
cells (lane 1), untransfected HEK 293 cells - sam ples treated with 
ENDO H (lane 2), K vl.5  transfected HEK 293 cells (lane 3), K vl.5  
transfected HEK 293 cells sam ples treated with ENDO H. K vl.5  
runs as a doublet at 80 kD and is shifted approxim ately 10 Kd by 
the endoglycosidase treatm ent. The iower, 50 kD , band is shifted 
approxim ately  5 kD by the enzym e treatment.
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F ig u r e  3 .4 :  S ta in in g  o f  c e ils  e x p r e s s in g  K v l .5 .  A .
U ntransfec ted  NIH 3T3 ce lls  do not appreciably  stain  w ith anti 
K v l.5  antibodies. B . K v l.5  transfected cells are strongly stained 
by an ti K v l .5  a n tib o d ie s . T he stain ing  appears to have a 
p erin u c lea r pattern . C .  G H4 cells stain w ith  the anti K vl.5  
antibody. Panels A and B w ere matched for exposure tim e and 
a p e r tu re .
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Figure 3.5: DIC and fluorescence images of a cultured 
s te l la te  spinal cord a s trocy te  stained with  K vl .5  
antibody and Texas Red labeled secondary antibody.
Staining is seen in the perinuclear area o f the cell body as well as 
in the processes.
, i _______
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F ig u re  3 .6 : S ta in in g  o f  r a t  p i tu i ta r y  sec tio n s  w ith  a n t i  
K v l.5  a n t ib o d ie s . A . L ow  m agnification image of the p itu itary  
stained w ith anti K v l.5  an tibodies (Bar is 1000 pm ). B . H igher 
m agnification view of the anterior pituitary. Dark objects are cells 
stained with the antibody. C . Interm ediate and posterior p itu itary  
stained w ith  anti K v l.5  an tibod ies. Scattered cells and fibers
(m arked w ith arrows) show  staining (Bar size in B and C are 50 
pm ).
i
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F ig u re  3 .7 : K v l .5  im m u n o r e a c t iv i ty  w ith  g l ia l  c e lls
s u r ro u n d in g  th e  m ic ro v a s c u la tu re  o f  th e  h ip p o c a m p u s . A .
Lengthw ise view of a vessel. B . K v l.5  staining in a cross section 
view o f  a blood vessel. C . L engthw ise view o f K v l.5  staining. 
A rrow s po in ts to p articu larly  in tense  staining in the astrocytic 
endfeet processes which con tact the vessel. D . GFAP staining of 
cells su rround ing  the m icrovascu la tu re  in the hippocam pus is 
sim ilar to the staining obtained  w ith anti K v l.5  antibodies. Bar 
size in A, B, and D is 30 pM . Bar size in panel C is 15 p M .
i ' _______
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C h a p te r  4
I n tr o d u c t io n
A lthough m any studies have show n m odulation o f ion channel 
function  by phosphorylation , th e re  have been few dem onstrations 
o f d irec t action of k inases on potassium  channels. This is most 
likely  due to the fact tha t an tibodies against ion channels have 
only recently  become availab le , and it is technically  d ifficu lt to 
dem onstrate  d irec t phosphory lation  o f ion channels in vivo. Cai 
and D ouglas (1993) show ed th a t im m unoprecip itation  o f K v l.3  
from 32P-labeled  Jurkat cells g ives an im m unoprecipitate that is 
p h o sp h o ry la te d . T h ey  a lso  d em o n s tra te d  th a t  PK A  can 
p h o s p h o ry la te  p u r if ie d  K v l .3  in vitro. K v l . l  can be 
phosphorylated  by PKA in vitro and in X enopus  oocytes (Ivanina 
et al.y 1994; Levin et al., 1995). However, in these papers, the 
in d u c tio n  o f p hosphory la tion  w as defined  by a sh ift in the 
m obility  o f the K v l .l  channel protein, not by a d irec t assay for 
phosphate. The authors determ ined  that the K v l . l  pro tein  runs 
as a doub le t on SDS PA G E and that they could d im in ish  the 
apparen t m olecu lar w eigh t o f  im m unoprecip itated , 35S labeled, 
protein by treating the protein w ith  phosphatase. C onsistent with 
this finding , the authors w ere ab le to increase apparent m olecular 
w eight by treatm ent o f  the channel molecule with PKA  and ATP 
but no t PKA alone. They fu rther dem onstrated that m utation of 
the phosphorylation  site  p rom oted  faster m obility o f  the protein 
on a SDS PAGE. The site that they implicated was analogous to the 
site im p lica ted  by D rain et al. (1994) in C -type inactiva tion . 
H ow ever, L evin et al. im plicate the site in regulation o f protein 
stab ility . Huang et al. (1993) dem onstrated  that ac tiv a tio n  of 
tyrosine kinases via G -protein resu lts  in phosphorylation o f  K v l.2  
as d em o n stra ted  by im m u n o p rec ip ita tio n  w ith  an an ti K v l.2  
antibody, follow ed by w estern b lo t analysis w ith an anti phospho- 
ty ro sin e  an tibody . O ne d if f ic u lty  in dem onstra ting  in vivo 
phosphorylation  of potassium  channels by PKA is that there are 
no antibodies to phospho-serine o r phospho-threonine. Thus, the 
ex p e rim en t req u ires  m e tab o lic  lab e lin g  o f ce lls w ith  3 2p .
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phosphate and ac tiva tion  o f  PKA follow ed by im m unoprecipitation 
o f the channel p ro te in . In m ost na tive  system s, the level of 
channel protein expression  requires that large quantities of 32P be 
used to ob tain  a  d e tec tab le  signal. Such an experim ent was 
possible because the H EK  293 cells expressed the K v l.5  protein at 
a relatively high level and  therefore strong 32P signals could be 
detected with m anageab le  am ounts o f rad ionuclide.
In ad d itio n  to  d e m o n s tra tin g  th a t th e  K v l .5  p ro te in  is 
phosphorylated, we w ere ab le  to use this system  to identify the 
sites in the p ro te in  w hich  w ere phosphory lated . T here are four 
putative sites fo r phosphory la tion  by PK A  on the K v l.5  protein 
itse lf  (Sw anson et al ., 1987). As described in chapter 1, one PKA 
site is in the am ino term inus at Ser81, w hile the others are in the 
C -term inus (a fte r the  six th  transm em brane segm ent) at Ser535, 
Ser546, and Ser569. The three C-term inal sites w ill be referred to 
as C l ,  C2 and C 3, respec tive ly . The N -term inal site  w ill be 
referred  to as N l .  B lum enthal (1993) used peptides representing 
th e  th ree  C - te rm in a l a n d  th e  N - te rm in a l p u ta tiv e  PKA 
phsophorylation sites to dem onstrate  tha t the  th ird  and possibly 
firs t C -term inal s ites  w ere phosphory lated . In this chapter we 
w ill dem onstrate th a t p h o sphory la tion  occurs on the firs t and 
second sites. It is possib le  that the third C -term inal site is also 
phosphorylated by a d iffe ren t kinase or in a  d ifferen t tim e course. 
W e found that DIB cG M P, a  membrane perm eable activator of PKG, 
is also effective in  the prom otion  o f phosphory lation  o f K v l.5 . 
PKG phsophorylation takes place on the N l, C l ,  C2, or C3 sites as 
w ell.
Res ul t s
W e have successfully  dem onstrated  that the K v l.5  protein  can be 
im m unoprecipitated using  ou r polyclonal an tibody (C hapter 3). In 
th is  ch ap te r we d e m o n s tra te  th a t the ch an n e l is d irec tly  
phosphory lated  and th a t the level o f  p h o sp h o ry la tio n  can be 
increased by addition o f activators of PKA in HEK 293 cells. Based 
on the p red ic ted  PK A  p h o sp h o ry la tio n  s ite s  in the p ro tein
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sequence, we m utated four serine  residues to alanine residues. 
We show  that the C l, C2, and possib ly  C3 are phosphorylated by 
activators o f PKA. Figure 4.1 (first panel) is an autoradiogram  of a 
gel in w hich im m unoprecipitates o f  32P labeled w ild type K v l.5  
are show n. T his experim ent d em o n stra te s  tha t the level of 
phosphory lation  is increased m ore than tw o-fold w hen cells are 
t r e a te d  w ith  C P T  cA M P  f o r  30  m in u te s  p r io r  to  
im m unoprecipitation of the channel. W e found that the level of 
phosphorylation  o f the CPT CAM P treated cells increased  by an 
average o f 1.9 ±0 .8  fold (n=5) over the wild type level.
The ind iv idual putative PKA phosphory lation  sites w ere m utated 
ind iv idually  or in com binations to fu rther define the sites which 
are sub jec t to phosphorylation by PKA. Figure 4.1 show s the 
effect o f  PKA  on K vl.5  on the C l ,  C2, C3, C23, C13, and C123 
m u ta n ts  r e la t iv e  to  w ild  ty p e . K v l .5  p ro te in  w as 
im m u n o p rec ip ita ted  from  3 5 S-labeled  cells in parallel w ith the 
3 2 P -labeled  pro tein  to dem onstrate that the channel is expressed 
in approxim ately the same amount in  all cell lines. An exam ple of 
such an 35S im m unoprecipitation is shown in Figure 4.1 (B). T h e  
3 5 s  im m unoprec ip ita tion  in F igu re  4.1 B is from  the  sam e 
experim ent from  which the C2, C 23, C l 23 and N IC  123 m utant 
construct sam ples in figure 4.1 A w ere taken. Rem oval o f the 
C l23 and N1C123 sites blocked phosphorylation. M utation of C l, 
C2, C3 sites alone and C l2, C23 o r C13 sites failed to com pletely 
b lock in d u c tio n  o f p h o sp h o ry la tio n . W e did  no t a ttem p t to 
q u an tita te  the  ind iv idual m utants because the in trin sic  health  
hazards o f repeated ly  perform ing th is  experim ent are significant. 
Each experim ent requires 5 m illicuries of both 32p 35s. Rather
we observed  tha t qualitatively , in the data  presented there was 
an increase  in  the level o f phosphory lation  of the m utants as 
stated above. These observations w ere confirm ed by scanning 
data film s. H ow ever since the experim ents were only perform ed 
one tim e  the  d a ta  m ust be v iew  as q u a lita tiv e  and  not 
quan tita tive . .W e did repeat the N 1C 123 m utant analysis two 
times and found that there was no increase over the basal levels
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as determ ined by scanning the films. C onsistent with this finding 
the C l 23 also did not show an increase in intensity  upon scanning 
of its data film.
We exam ined the possibility  that other k inases act on K vl.5  by 
treating cells with DEB cGM P. We found that DEB cGMP induces a 
g reater than three fold increase in 32P in co rp o ra tio n  on K v l.5  
(F igure 4.2). G iven the difficulties o f these experim ents, we did 
not exam ine which specific site was phosphorylated by PKG.
The phosphorylation on K v l.5  is long lasting. Figure 4.3 (A) shows 
a schem atic tim e line o f a 32P pulse chase experim ent in which 
w ild type K v l.5  w as m etabolically labeled as in  Figure 4.1 and 
phosphorylation was induced by addition of DIB cAM P. After 30 
minutes in DIB cAM P, the media was changed to m edia free of DIB 
cAM P. Two d ifferen t conditions w ere used in  the chase part of 
this experim ent. In one set of plates the m edium  still contained 
3 2 P. In the other set o f plates the m edium  was non-radioactive 
D M EM . C ells w ere harvested  at v a rio u s  tim e points and 
im m unoprecip itated  as described  in the m ethods chapter. The 
resu lting  im m unoprecip itations were resolved on a gel which is 
shown in F igure 4.3. A lthough the overall level o f radioactivity 
drops after rem oval of DIB cAM P, the level o f labeling is still 
above baseline even after one hour. This resu lt im plies that the 
phosphate group, or groups, once added rem ain fo r more than one 
hour. A further property  of this phosphorylation is that it may 
occur in the early  stages o f protein p rocessing . This can be 
dem onstrated  by ENDO H treatm ent of the  im m unoprecipitated 
protein that is labeled w ith 3 2 P. Endo H only  acts on immature 
m annose  rich  g ly co sy la tio n  that is ty p ic a lly  found  in the 
endoplasm ic re ticu lum  or early-m iddle G olg i (Y eo et al., 1985). 
W e have shown (Figure 3.3), that K v l.5  is susceptible to digestion 
by ENDO H. Figure 4.4 shows 32P labeled w ild type K vl.5  treated 
with ENDO H. The result is that one of the bands is shifted in the 
gel. Thus, the functional role of phosphorylation may be in some 
aspect o f early processing as well as gating. The untreated K vl.5
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in F igure 4 .4  runs as a poorly defined  band on the 10% PAGE. 
Once treated with ENDO H, K v l.5  runs as a tighter band. This is 
because glycosylation m akes p ro te ins run more diffusely. Thus, 
p h o sp h o ry la tio n  may have a ro le  in som e aspec t o f  ea rly  
processing as well as gating.
Di s c us s i on
O ur d a ta  clearly  show that K v l.5  is d irectly  phosphorylated as a 
result o f  activation of PKA and PK G . W e believe that the kinases 
act e ither on the channel d irectly  o r v ia  an interm ediate k inase. 
P hosphory la tion  occurs on the sam e sites that are re lev an t to 
m o d u la tio n  o f  inactivation  k in e tic s . The ph o sp h o ry la tio n  is 
blocked by m utating the C l, C2, and C3 sites, implying that these 
sites are the m ost highly phosphorylated  by these kinases during 
a thirty m inute exposure to kinase activators. Blum enthal (1993) 
dem onstrated that the C3 and at least one of the C l or C2 sites is
p hosphory la ted  in an in vitro p e p tid e  phosphory la tion  assay .
They found that the C3 site is the m ost readily phosphorylated in 
that assay. O ur data indicate that PK G  may act on the channel. It 
is possib le  that the channel, expressed  in its native environm ent, 
is phosphorylated predom inantly by PKG  or PKA. Our data does 
not clarify  this point. It is also possib le  that the phosphorylation 
is highly prom iscuous and that o ther kinases can act on the same 
sites. C onvergen t ac tiva tion  o f d iffe re n t k inases, though  an 
ex p e rim e n ta l stu m b lin g  b lo ck , m ay  be im p o rtan t fo r  the 
integration o f m ultiple signals in cells.
The resu lts  presented in this chap ter raise a number o f questions 
that can be answ ered experim enta lly . As will be seen la te r the 
channel's  electrophysio log ical b eh av io r is not effected by th irty  
m inute treatm ent, with CPT cAM P, o f  cells expressing the channel. 
H ow ever the biochem ical effects o f  C PT  cAM P are seen w ithin 
th irty  m in u tes . One ex p lan a tio n  is th a t the su b stra te  fo r
phosphory lation  is in the golgi and th a t the electrophysiological
effect o f  the phosphorylation takes longer to be detected. It is 
a lso  p o ss ib le  tha t PKA in c re a se s  the ap p aren t lev e l o f
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phosphorylation by increasing  the turnover of phosphate. W ilson 
et al. (1993) dem onstra ted  a precedent fo r the activation  of a 
phosphatase by activation o f PKA, both o f w hich subsequently act 
on an ion channel. A n add itional experim ent th a t m ight be 
inform ative is to label cells w ith 32P and activate the kinase with 
C PT cAM P. A fter th irty  m inutes the medium w ould be exchanged 
to cold DMEM. Com paring the rate o f loss o f phosphorylation in 
the continued presence o r absence o f CPT cA M P one can answ er 
the question o f w hether C PT  cAM P activates both a phosphatase 
and a kinase. The expectation is that the cells exposed to cAMP in 
the 32P free DM EM  w ould  loose the phosphorylation faster than 
the cells in the cA M P 3 2 P -free  m edium  if  a phospha tase  is 
a c tiv a te d . A v a r ia tio n  on th is  ex p e rim en t is to  in h ib it 
phosphatases with okadaic acid  or m icrocystin and then activate 
PK A  or PKG. If  this m odel is correct, the phosphatase inhibitors 
should cause a dim inution o f the increase in phosphorylation
W e found that the C13 pro tein  in the C l3 lane runs sm aller than 
the o ther constructs. T h is ra ised  the question  o f w hether the 
channel protein was truncated  as an artifact o f integration into the 
host ce ll’s chrom osom e. W e therefore resequenced the 3’ end of 
the C13 clone and retransform ed  cells with the construct. Three 
ou t o f  four of these ce ll lines expressed pro tein  that m igrated 
identically  to the first C l 3 m utant on the gel. K v l.5  protein from 
a fou rth  clone ran even  sm alle r and was p ro b ab ly  truncated . 
T herefore, the shift is likely  due to the absence o f  phosphorylation 
o f  the C13 channel (d a ta  no t shown). This phenom enon was 
o b serv ed  by L evin  et al. (1995). Levin et al. m on ito red  the 
phosphory la tion  o f the s ite  equivalen t to C2 by m easuring an 
apparen t 3 Kd shift o f the  pro tein  in SDS PAGE in response to 
p h o sp h o ry la tio n .
A s was noted in Chapter 3, there is a lower band found on 35$ _ 
labeled  protein im m unoprecip ita tion . We found that th is low er 
band is phosphorylated and  g lycosylated. R ettig  et al. (1994) 
found  th a t the po tassium  channel 6 subunit im m unoprecip itates
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with the a  subunit. It would be interesting to attem pt to perform 
protein sequence analysis on the lower band to determ ine if  it is a 
degradation product o f  K v l.5  o r a coprecipitated protein . Based 
on the sequence o f the known B subunit the protein is predicted to 
be cy top lasm ic. Since w e found tha t the low er band is both 
g ly c o sy la ted  and  p h o sp h o ry la ted  the im p lica tio n  is tha t it 
represents a transm em brane pro tein  and is therefore likely  to be 
different from  the known B subunits.
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F i g u r e  4 .1 :  T h e  in d iv id u a l  s i t e  m u t a n t s  a r e
p h o s p h o ry la te d  by P K A  b u t th e re  is m in im a l in d u c tio n  o f 
p h o s p h o ry la t io n  o f  th e  C 13 a n d  C123 m u ta n ts .  A . Cells 
w ere labeled with 32P phosphate and then treated w ith CPT cAMP 
and K v l.5  was im m unoprecipitated and run on the  gel. Control 
and CPT cAM P treated imm unoprecipitates are show n for each of 
the constructs. Lanes are as marked. B . An exam ple of 35S 
labeled  im m unoprecip itates perform ed in p ara lle l w ith  the 32P 
im m unoprecip itates to confirm  the presence o f K v l.5  protein in 
each of the cell lines. C2, C23, C123, and N1C123 from  A are from 
the sam e experim ent as the sample shown in part B .
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CPT cAMP treatment of Kv1.5 
transfected HEK 293 cels
C23 C13 C123 N1C123
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5 2
F ig u re  4 .2 : Im m u n o p re c ip i ta t io n  o f  3 2 P -la b e le d  K v l.5  a n d  
N 1C 123 m u ta n t  K v l.5 .  Cells w ere labeled w ith 32P phosphate  
and then trea ted  w ith DIB cA M P or D IB cGM P and K v l.5  was 
im m unoprecipitated and run on the gel. Lanes are as follows: wild 
type K v l.5 : control (lane 1), DIB cAMP (lane 2), DIB cGMP (lane 3); 
N1C123 m utant K v l.5 : control (lane 4), DIB cAM P (lane 5), and 
DIB cGM P (lane 6 ).
i
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Figure 4.3: Phosphorylation of K vl.5  is long lasting. A .
Schem atic diagram  o f the experiment. Cells were labeled with 32P 
fo r two hours. DIB cA M P was added to the cultures for 30 
m inutes and the m edium  was changed fo r e ither cold DMEM or 
32P phosphate DM EM . Control was taken before addition o f DIB 
cAM P. t=0 was taken after 30 minutes o f  DIB cAM P. other time 
points were taken 10, 30 and 70 m inutes after rem oval o f DIB 
cA M P. B . G el sh o w in g  the im m u n o p rec ip ita te s  from  the
experim ent described in A .
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F ig u r e  4 .4 :  K v l .5  is p h o s p h o r y la t e d  e a r ly  in  i ts
p r o c e s s in g .  L anes 1 and 2 show 35s labeled  im m unoprecip ita tes 
o f K v l.5 . Lane 1 is control and lane 2 is ENDO H treatm ent o f the 
sam e sam ple. P h o sp h o ry la ted  K v l.5  is  also  su scep tib le  to
digestion by E N D O  H. Lane 3 shows K v l.5  im m unoprecipitated 
from  32P labeled cells. Lane 4 shows the 32P labeled sam ple after 
treatm ent with EN D O  H.
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C h a p te r  5
I n t r o d u c t i o n :  Based on the finding that the K v l.5  protein  is
ph o sp h o ry la ted , w e a ttem p te d  to  d e te rm in e  the e ffe c ts  of
p h o sp h o ry la tio n  on c h a n n e l fu n c tio n . O ne p a ra m e te r  we
examined was the conductance voltage relationship of K v l.5  in the
whole cell configuration. Phosphorylation is known to affect the 
activation of some K+ channels. This has been well dem onstrated 
in the perfused giant squid axon o f squid. In that system addition 
o f ATP to the cytoplasm ic face o f the plasma membrane alters the 
potassium  currents such that the conductance-voltage curve shifts 
14.8 mV. The authors determ ined  that this effect was reversed 
with addition o f alkaline phosphatase , ind icating  that the sh ift 
relied on a phosphorylation o f  the potassium  channels (A ugustine, 
1990; Perozo, 1990). We w ere interested in w hether rem oval of 
the C-terminal sites would sh ift the conductance voltage curves or 
change their slopes. The w ild type and mutants as well as H 8 and 
CPT cAMP treated cells were examined. A num ber o f groups had 
previously dem onstrated that the C2 site, w hich is found in all 
shaker-type channels, is no t involved in sh ifting  the ac tiva tion  
curves of the channels. Drain et al. (1994) dem onstrated a ro le of 
this site in the kinetic behavior o f the S h a k e r  channel but they 
also showed that the activation  o f the channel was unaffected by 
mutation o f the site. L ikew ise, Levin et al. (1995) showed that the 
C2 site may be im p o rtan t in reg u la tio n  o f lo ca liza tio n  or 
degradation o f the K v l . l  p ro te in  in X e n o p u s  oocytes but that 
m utation o f the site  does n o t affect activation. They fu rth er 
dem onstrated  that the vo ltage-dependence  o f  ac tiva tion  is  no t 
affected by treatm ent o f the oocytes with Sp-cAM P, m em brane 
perm eant activator o f PKA.
In addition  to the ac tiv a tio n  phenom enon we exam ined  the 
k inetics o f I k v 1 . 5 -  A s  w as m entioned in chapter 1, a k inetic  
param eter o f po tassium  ch an n els  tha t has been shown to be 
modulated by phosphorylation is the rate of inactivation (Chung et 
al.,  1995; Strong et al., 1986; L oechner et al., 1990). In each of
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these cases, how ever, the channel was not an identified  cloned
and expressed gene. S ince the genes were not available in those 
system s it was no t p o ss ib le  to determ ine the exact sites of 
phosphory lation . In th is chap ter, we w ill p resen t data that
d e m o n stra te s  th a t in a c tiv a tio n  o f Ik v 1 .5  is suscep tib le  to 
m odulation by protein kinases. We will dem onstrate that the first 
and third predicted PKA  consensus phosphorylation sites in the C- 
te rm ina l in trac e llu la r  p o rtio n  o f K v l.5  a re  inv o lv ed  in the
in ac tiv a tio n  p rocess. In  o rder to m ain ta in  the  in trace llu la r 
com ponents that m ay be involved  in channel m odulation , we
perform ed these experim ents using the nysta tin  patch  technique. 
We exam ined the effects o f  pharm acologically  inh ib iting  protein 
kinases on the k inetics o f the channel. W e then  used the C13 
m utant to determ ine if  the effects of the drug could  be mimicked 
by the m utations. W e dem onstrated that e ither pharm acological 
or structu ra l e lim ination  o f  phosphorylation slow ed the rate of 
Ikv 1.5 inactivation. T hese findings dem onstrate a functional role 
for the phosphorylation discussed in the previous chapter.
R esults:
C e lls  t r a n s f e c te d  w ith  K v l .5  e x p re s s  d e la y e d  r e c t i f ie r  
ty p e  c u r re n ts :  W hole cell current from HEK 293 cells expressing
K v l . 5  have c la s s ic a l d e lay ed  re c tif ie r - ty p e  a c tiv a tio n  and 
in ac tiv a tio n  (F igure 5 .1 ). The currents beg in  to activate at 
approxim ately -20 mV. W hole cell currents are sim ilar in kinetics 
to currents seen when K v l.5  is expressed in X e n o p u s  oocytes 
(Swanson et al., 1990).
P h o s p h o r y l a t i o n  a f f e c t s  v o l t a g e - d e p e n d e n c e  o f  
a c t i v a t i o n :  U sing the w hole cell pa tch  c lam p  recording
techn ique , we determ ined  the conductance-vo ltage rela tionsh ips 
fo r the w ild type, ind iv idual m utants, com bination  m utants and 
wild type cells treated with H 8 and CPT cAMP. The half activation 
points o f the conductance-voltage curves are shown in table 5.1 A. 
T he values in this tab le rep resen t the average h a lf  activation 
points o f currents from five different cells in each condition. The
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C l 3 and H 8 trea ted  cells d em o n stra ted  le ft sh ifted  ac tiv a tio n  
curves recorded in  the whole cell configu ra tion  as com pared to 
w ild type cells. The other cell lines and treatm ents did not have 
h a lf  activation  po in ts that w ere sig n ifican tly  d ifferent from  the 
wild type. As w ill be presented below , we found that cells treated 
w ith DIB cA M P for long periods o f tim e (nine to ten hours) gave 
very large currents (greater than 12 nA  a t +100 mV) which may 
cause the data  to be contam inated w ith  series resistance artifact. 
The cell line expressing the C3 m utant cells also gave currents that 
w ere sh ifted  in  the depolarizing  d irec tio n  rela tive to the  w ild 
typoe channel currents. However, the curren ts expressed by cells 
exp ressing  the C3 m utant co n s tru c t had  very large  cu rren ts  
(av e rag e  1 5 .3 4 + 2 .8 1  nA). W e th e re fo re  analyzed these two 
co n d itio n s  se p a ra te ly  (see b e lo w ). F ig u re  5 .2  show s the  
conductance-voltage curves for wild type, C l ,  C2, H8 treated w ild 
type, and C13 ce lls . Each trace rep resen ts  the average of the 
norm alized conductances of five ce lls ' w hole cell currents. The 
half activation po in t of the w ild type currents was 7.4 + . 1 . 8  mV. 
T he currents from  cells expressing the C13 m utant had a ha lf 
activation po in t o f 3.0 +_ 1.3 mV. T his is significantly d ifferen t 
(p<.003, n=5, two tailed Student’s t-tes t) from  the currents from  
cells expressing the w ild type channel. W e found that treatm ent 
o f cells expressing w ild type K v l.5  w ith 20 p M  H 8 for one hour 
resulted in curren ts whose half ac tivation  was not d ifferent from  
w ild type cells (ha lf activation 9.32 ±. 2.3, n=5, p<.09, one tailed 
Student's t-test). However, long term  trea tm ent with H 8 for seven 
hours prior to recording resulted in curren ts w ith a half activation 
point of 3.9 ±_ 1.4 w hich is d ifferen t from  w ild  type cells (p<.01, 
n=5, two ta iled  S tuden t's  t-tes t). T h e  h a lf  ac tivation  o f  the 
currents from  cells expressing w ild type K v l.5  treated with H 8 for 
seven hours is no t d ifferen t from  the h a lf  activation o f currents 
from  cells expressing  the C l3 m utant K v l.5  (p<.14, one tailed  
Student's t-test). I t is notable that the h a lf  activation po in t o f 
currents from  cells expressing C l23 and N IC  123 m utant form s o f 
K v l.5  were not d ifferent from the wild type (see discussion).
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W e exam ined the effects o f treating cells expressing the wild type 
channel with 1 mM CPT cAM P for 30 minutes prior to , and during 
record ing . There was no sign ifican t difference betw een the half 
ac tiva tion  points o f cu rren ts  expressed  by treated and untreated 
ce lls expressing wild type K v l.5 . Based on the consideration that 
the effects of cAMP on the channel may occur during processing, 
w e exam ined the effec ts o f  treating  cells expressing  w ild type 
K v l.5  w ith 1 mM C PT cA M P fo r nine to ten hours p rio r to 
recording. We found tha t 8 out of 9 cells had currents larger than 
12 nA  at +100 mV (o f un treated  cells three o f e igh t cells had 
currents greater than 12 nA at +100 mV). Although there was an 
increase in the m agnitude o f the current of cells treated with CPT 
cA M P for nine to ten hours, there was no increase in the current 
density  (p<.09 one tailed student's t-test). Thus CPT cAM P is not 
like ly  affecting the channel behavior, rather it is increasing  the 
surface area of the cell.
The larger currents expressed by these cells increase the risk  that 
d a ta  m ay be contam inated by series resistance artifac t at higher 
vo ltages. W e therefore used a p ipette solution containing 60 mM 
KC1 and 60 mM CholineCl to dim inish currents. We found that the 
h a lf  activation points of the currents were different w hen derived 
using  the 60 mM potassium  solution as com pared to 120 mM 
potassium  solution. The d ifference between half activation points 
of conductance-voltage re la tionsh ips derived in 120 and 60 mM 
po tassium  is likely due to  the effects of these so lutions on the 
ch an n e l. A ugustine et al. (1990) describe sh ifts in  the half 
ac tiv a tio n  poin t o f po tassium  curren ts in the squid g ian t axon 
given d ifferen t ionic conditions. W e found that the currents from 
cells expressing wild type K v l.5 , recorded using 60 mM  potassium  
and 60 mM  CholineCl so lu tion , had an average h a lf  activation  
poin t o f  -0.6 +. 0.9 mV and the CPT CAMP treated ce lls ' currents 
had an average half activation poin t o f -1.2 + 1.5 mV (Figure 5.3 
and T able 6 .IB ). These w ere not different from one another (p<.2, 
one ta iled  Student's t-test).
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As stated above, we attem pted  to use d ata  from  ce lls  tha t 
expressed relatively  low levels of current (<12 nA at +100 mV). 
The cells that expressed the C3 m utant consistently  had currents 
larger than this value (8 out of 8 cells). Although, this may be due
to the m odulatory effects of dephosphorylating the C3 site, it  is 
also possible th a t the particu lar cell line had a high level o f 
expression . W e there fo re  exam ined the conductance vo ltag e
relationship o f the C3 m utant using the 60 mM  KC1 and 60 mM
C holineC l so lu tio n  and found  th a t th e  conduction  v o lta g e
relationship o f this m utant was not d ifferent from the wild type. 
It is notable that the cells expressing the C2 mutant construct had 
currents with sign ifican tly  larger curren t m agnitude and density . 
H ow ever the h a lf  ac tivation  o f these cu rren ts  was not d iffe ren t 
from the wild type.
K v l.5  c u r r e n t s  r e c o r d e d  u s in g  th e  n y s ta t in  te c h n iq u e  
d e m o n s tra te  in a c tiv a tio n . W hole ce ll recording  d ia lyses the 
contents of cells. Various factors that m ay interact with channels 
are lost. The nystatin perforated patch technique allows recording 
o f cells with a  m ore native cytoplasm ic environm ent. G iven our 
finding regard ing  the cu rren ts from  ce lls  expressing the C13 
m utant and H8 treated cells expressing w ild type K vl.5 , we chose 
to exam ine the nysta tin  perforated  patch  currents from  these  
cells. The nystatin  perforated patch technique is technically very 
d ifficu lt. T herefo re , we did not exam ine all of the various 
conditions that we tested using the whole cell technique. Currents 
recorded from H EK 293 cells expressing K v l.5  using the nystatin  
technique dem onstrate inactivation w ith an average tim e constan t 
o f 49 +/- 16 (sd.) msec. Examples of a fam ily of traces from whole 
cell and nystatin patch currents are shown in Figure 5.4 A and B . 
The holding voltage for these experim ents w as -80 mV. These 
data show that the whole cell currents do  not inactivate, w hereas 
the nystatin patch currents do. Furtherm ore, there is a m arked 
rectification  at h igher voltages. This was observed with ce lls  
recorded  w ith d iffe re n t series resis tan ces  and  m agnitudes o f 
cu rren t and is therefo re no t likely  due to  a series resistance
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artifact. Rather, it is possible that the rectification is due to block 
of the channel at high voltages. However, this hypothesis was not 
form ally tested. Hahn et al. (1996) dem onstrated  that nysta tin  
applied  to th e  cy toplasm ic face o f  patches contain ing  K v l .3  
blocked open channels causing the curren ts to dim inish during  
150 m sec, depolarizing pulses by blocking the open channel. To 
confirm  that this was not occurring in our experim ents, we loaded 
a p ipette  w ith our nystatin solution and in tentionally  broke into 
the cell by applying suction. An exam ple o f currents evoked by a 
family o f  depolarizing pulses is shown in  Figure 5.4 C . This Figure 
shows tha t both, the inactivation and the apparent rectification, do 
not occur unless the patch is intact.
M u ta t io n  o f  p o te n t ia l  PK A  p h o s p h o ry la t io n  s ite s : W e
found th a t using the nystatin patch technique revealed a second 
difference betw een the wild type and C13 m utant K v l.5  currents. 
Currents from  cells expressing wild type K v l.5  inactivated with 
an average tim e constant o f 48 +/- 16 (sd); cells expressing the 
C13 m utant channel gave an average inactivation time constant of 
123 ± 4 1  (see F igure 5.5 A ). The w ild type cells inactivated  
sign ifican tly  faste r than the C l 3 m utant (p<0.01, n=5 for each 
co n d itio n , tw o ta ile d  M ann-W hitney  te s t) . T here w as no 
d ifference in m agnitude o f the nysta tin  patch currents betw een 
cells expressing w ild type and C l3 m utant K v l.5  protein.
A n in h ib i to r  o f  p r o te in  k in a s e s  s lo w s in a c t iv a t io n  o f  
K v l . 5 :  T reatm ent of the K v l.5  transform ed HEK 293 ce lls by 
incubation w ith the protein kinase inh ib ito r H8 (100 p.M) fo r 45 
m inutes caused a decrease in the rate o f  inactivation o f currents 
recorded in nystatin patches (Figure 5.5 A ). Cells treated w ith H8 
had sign ifican tly  slow er k inetics o f inactivation . Currents from  
cells expressing K v l.5  inactivated w ith an average tim e constan t 
o f  4 8 i^ l6  (sd ); w hereas H8 trea ted  ce lls  had an av e rag e
inactivation time constant o f 77±.8 (p<0.0159, n=5 for each condition, 
two tailed  M ann-W hitney test). There was no difference in  the 
m agnitude o f cu rren t from the control and H8 treated groups of
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ce lls  in p erfo ra ted  patch  reco rd s . The tim e co n stan ts  o f 
inactivation  o f currents from  cells expressing the w ild type, C13 
and H8 trea ted  w ild type nysta tin  curren ts are sum m arized in 
Figure 5.5 B .
C onductance-voltage relationships w ere determ ined fo r wild type, 
C l 3, and H8 treated-w ild type cells using the nystatin perforated 
patch technique (Figure 5.6). W e found that the shift in activation 
seen in w hole-cell records was also presen t in perforated patch 
records. T here is an apparent rec tifica tion  o f K v l.5  at h igher 
voltages w hich causes a decrease in conductance above 50 mV in 
nystatin  records. It is also possible that at higher voltages a series 
resis tance  a rtifac t m ay dim inish the apparent conductance. This 
may com plicate the analysis of the data because a true maximum 
current is not defined. Given these caveats, the half activation for 
w ild type K v l.5  curren ts recorded  w ith  the nystatin  technique 
was -10.3+.3.9 (SD). The half activation  for C13 m utant K v l.5  
curren ts and currents from  H8 trea ted  cells were -18.1±_2.8 and 
-1 3 .6 + 2 .3  respectively. The half activation point of the currents 
from  the C13 m utant was sign ifican tly  d ifferen t from  wild type
(pc.O l). However, the half activation point o f currents recorded in 
H8 trea ted  ce lls  was in term ediate  betw een w ild type and C13.
The h a lf  activation  po in t o f  curren ts recorded from  H8 treated 
cells was not significantly  d ifferen t from  the half activation point 
of currents recorded in untreated w ild type cells. It is likely that 
the d ifference in half activation po in t o f the nystatin versus the 
w hole ce ll conductance voltage curves is due to d ifferences in 
e ither the ion ic  conditions or the apparen t rectification  o f the 
nystatin  curves. The rectification phenom enon makes the current 
appear to saturate at lower voltages than would be observed if  no 
rectification  w ere occurring. It is also possible that, as described 
above, the ionic environm ent effects the behavior o f the channel
(A ugustine et al.y 1990; Perozo et al., 1990).
D i s c u s s i o n
II :
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T he sh ift in conductance-voltage relationship  of the H8 and C13 
form s o f K v l.5  but not the individual site mutants relative to wild 
type is potentially  im portant to channel function. It is difficult to 
in te rp re t a m echanism  by w hich this shift happens. One possible 
m echanism  for a sh ift of the conductance-voltage relationship  in 
p o ta ss iu m  ch an n e ls  was p roposed  by Perozo and B enzan illa  
(1990). They determ ined that the addition o f a phosphate group 
to  a vo ltage  sensitive channel can sh ift the conductance-voltage 
re la tio n sh ip  by a process term ed charge shielding. The negative 
charge o f the phosphate group makes the local environm ent of the 
channel m ore negative. T herefore, an overall greater degree of 
depo lariza tion  is required in order for the channel to detect the 
depolarization  and gate. Stated sim ply, the channel "sees" a more 
n eg a tiv e  en v iro n m en t than i f  there  w ere a non-phosphorylated 
serine or threonine. Therefore, in order to overcom e the force of 
the phosphate  on the voltage sensing  apparatus of the channel, 
the depo lariza tion  m ust be greater.
E lim ination  o f the C2 site does not shift the conductance voltage 
re la tio n sh ip  o f K v l.5  currents. This is the same conclusion that 
D rain et al. (1994) reached in their study of the analogous site of 
C2 in the Shaker D channel (Chapter 1). In addition, Drain et al. 
found  th a t w hen they rem oved phosphory lation  on S h a k e r  by 
exposure  o f  a phosphatase to the cytoplasm ic face o f inside out 
patches, or rephosphorylated the channels by treatm ent w ith PKA, 
th e re  w as no sh ift in conductance-vo ltage  re la tionsh ip  o f the 
cu rren t recorded . Levin et al. (1995) m utated the equivalent site 
in  K v l . l  and  a lso  found no sh ift in  the cu rren t-v o ltag e  
re la tionsh ip  o f the channel. As was m entioned, they also treated 
X e n o p u s  oocytes expressing K v l . l  w ith activators of PKA and 
found  no sh ift in the activation o f the channel. Thus the C2 
equivalen t site in Shaker is not able to induce a shift in activation 
by itse lf. O ur experim ents dem onstrate that mutants of K v l.5  in 
w hich the individual C l and C3 sites are m utated show no shift in 
the conductance-voltage curve. However, the double m utant does 
s h o w  a s ig n ific a n t le ftw ard  sh ift. It is possib le  th a t the
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
6 6
cum ulative effects o f the loss of the two sites are enough to 
s ig n ifican tly  a lte r  the conductance-vo ltage  curves. Short term  
treatm ent o f cells expressing  w ild type K v l.5  w ith H8 does not 
cause a sign ifican t sh ift in the average half activation voltage. 
H ow ever, longer trea tm en t of the ce lls  w ith H8 does cause a 
s ign ifican t sh ift in  the conductance vo ltage relationship  that is 
sta tistically  ind istinguishable  from the C l 3 double mutant. This 
im plies that a sim ilar process may be occurring.
One com plication o f our data is the finding that the C l23 mutant 
conductance-voltage relationship  apparently  is not shifted relative 
to w ild type. There are two explanations for this. The first is the 
triv ia l explanation that the shifts are very small and any scatter
in the data w ould obscure the result. Since the traces represent
five cells this is not unlikely. The second possible explanation is a 
m ore com plicated  s tru c tu ra l argum ent. D rain  et al. (1994) 
indicated that when the C2 site was m utated, Shaker D became 
in se n s i t i v e  to  p h o sp h o ry la tio n  and  d e p h o sp h o ry la tio n  but 
behaved as if  phosphorylated in the basal state. They argued that 
the m utation altered the structure o f the channel such that the 
ch an n el appeared  to  be phosphory lated . Levin et al. (1995)
im plicated the C2 site  in regulation o f channel localization and
possibly  degradation. Both o f these findings are consistent with 
the idea that m utation of the C2 site alters the structure of the 
ch an n e l. In the fo rm er case the m utan t unphosphory iated  
channel appears to be phosphorylated, and in the latter case, the 
channel is not appropria te ly  transported and m aintained. It is 
possib le  that phosphory la tion  is necessary  to fo ld  or m aintain 
folding. It is also possible that the serine at the C2 site is needed 
to define the local structure o f the channel. Thus, mutation of the 
serine deforms the protein. I f  this is the case, it is not surprising 
that the effect of the C l mutation is obscured by a mutation at C2, 
because the C l and C2 sites are only nine amino acids apart. Thus, 
any local perturbation o f the channel a t the C2 site will likely 
affect the C l site.
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The data in this chapter dem onstrate that the inactivation process 
observed  in K v l . 5  n y sta tin  patch  records is sen sitiv e  to  an 
inh ib ito r of protein kinases. The C-term inal phosphorylation sites 
are involved in the inactivation  process.
B lum enthal (1993) found th a t potassium  currents in X e n o p u s  
oocytes in jected w ith cR N A  fo r K v l.5  w ere not suscep tib le  to 
m odulation by activators o f PK A  or inhibitors o f protein kinases. 
T hey also exam ined various phosphorylation site m utants o f K vl.5  
and  found  th a t the a c tiv a tio n , in ac tiv a tio n , m ag n itu d e , and 
k inetics o f any of the expressed  channel m olecules do  no t differ 
from  the wild type. H ow ever, these experim ents w ere perform ed 
in Xenopus  oocytes in which there is no inactivating com ponent to 
K v l . 5  curren ts. It is p o ssib le  tha t the sm all d iffe rences in 
conductance-voltage re la tionsh ip  that we detected w ere not seen 
in the oocyte expression system  because it is d ifficu lt to clamp 
X en o p u s  oocytes at +100 mV and therefore the currents were not 
s a tu ra t i n g .
Our  findings in chapter 4  indicated  that phosphorylation occurred 
on all three o f the C-term inal sites. The effects on the current we 
have seen in this chapter are found in the C l3 mutant.
W e have shown that K v l . 5  currents, expressed in HEK 293 cells, 
in a c tiv a te  w hen exam ined  in  th e  ny sta tin  p e rfo ra ted  patch  
configuration. The time constant o f inactivation ranged from  30 to 
72 m sec. The kinetics o f  inactivation  are substantially  d ifferent 
from  w hole ce ll curren ts or cu rren ts recorded from  X e n o p u s  
oocytes injected with K v l.5  cRN A. There are a number o f possible 
reasons fo r this inactivation phenom enon. A sm all soluble factor 
m ay be required for the inactivation  to occur. This factor is not 
p resen t in X e n o p u s  oocytes bu t is present in m am m alian cells 
such as HEK 293 and NIH 3T3. Upon patch rupture and obtaining 
whole cell access, the factor rapidly diffuses out o f the cell into the 
re la tiv e ly  large volum e o f  the p ipe tte . This f irs t m odel is 
consisten t with a num ber o f previous findings regarding w ashout
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in w hole ce ll re co rd in g  and o th e r m o d a litie s  that a lte r the 
e n v i r o n m e n t  o f th e  c y to p la sm ic  fa c e  o f  the m em b ran e . 
A lternatively, the m echanics o f patch rup ture dam age the cell and 
subsequen tly  the ch an n e ls . T his fo rce  co u ld  be transduced  
through the ce ll’s cy toskeleton .
GH4 cells express K v l.5  mRNA (Levitan et al., 1991). Chung et al. 
(1995) dem onstra ted  a T E A -insensitive d e layed  rec tifie r cu rren t
in GH4 cells, which inactivates with a k inetic constant of 50 to 150 
m sec in w hole cell records. This sam e curren t can be dim inished 
b y  a p p l i c a t i o n  o f  a n t i s e n s e  p h o s p h o r o t h i o a t e  
deoxyoligonucleotides specific  for K v l.5 . This im plies that the 
curren t requires K v l.5 . This is consisten t w ith the overall tim e 
constan t o f our nysta tin  records, but con trasts  w ith  our findings 
for K v l.5  in w hole cell records. It is likely  that GH4 cells also 
express som e aux ilia ry  fac to r that m akes the channel inactivate .
Unlike HEK 293 cells, this factor in GH4 cells is stable in the whole 
cell recording configuration. This may be due to the fact that the 
K v l.5  channel is naturally  expressed in G H 4 cells and is exogenous 
to HEK 293 cells. T herefore, associated factors in GH4 cells may 
have a h igher a ffin ity  or m ore specific  associa tion  w ith the ir 
native channel. It is notable that the k inetics o f  inactivation o f
w hole cell currents in  G H 4 cells, w hile faster than those in HEK
293 cells, are not as fast as nystatin patch currents in the later cell 
type. F igure 3.3 ra ise d  the possib ility  th a t a B subunit  co- 
im m unoprecipitates w ith K v l.5 . If this is true then the structural
association o f the b e ta  subunit is fairly  tigh t but the functional
association m ay not be as tight o r the in te rac tion  may require 
som e additional factor.
There are o ther exam ples o f changes in th e  behavior of channels
given the con tex t in  w hich  they are expressed . O leson et al.
(1993) found th a t p o tassiu m  currents reco rd ed  from  hum an T 
cells using the w hole ce ll patch configuration  dem onstrated rapid 
in ac tiv a tio n . H ow ever, w hen  the n y s ta tin , p e rfo ra ted  patch  
technique was em ployed  the potassium  cu rren ts  did not exhibit
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fast inactivation . It is likely  tha t the current O leson et al. were 
studying was in part K v l.3 , w hich is endogenously expressed in T 
cells (A iyar, 1993). K upper et al. (1995) studied the cloned K vl.3  
ex p ressed  in  oocytes and found  tha t the channel's  inactivation  
k ine tics increased  when patches w ere rem oved from  the oocyte. 
This phenom enon is not universal am ong potassium  channels. The 
sam e g roup  found tha t K v l.6  curren ts d id  n o t undergo  k inetic  
changes w hen patches contain ing  the channels w ere pulled o ff o f 
the oocy te. Further analysis then defined a m utation in the pore 
o f K v l . 3  tha t elim inated the changes in inactivation . A nother 
exam ple o f  increased inactivation  o f a voltage-gated channel upon 
excision o f a patch is reported by Fleig et al. (1994) R at brain N a+ 
channels dem onstrate two inactiva tion  tim e constan ts , fast (150 
ps) and slow  (2 ms). W hen recording on cell patches in oocytes 
the cu rre n ts  are  dom ina ted  by the slow er tim e co n stan t o f 
in ac tiv a tio n  w hereas w hen p a tch es  are excised , the inactivation  
acce le ra te s  and the faste r in ac tiv a tio n  k inetic  dom inates. The 
authors conclude that a cy toplasm ic factor enables the channel to 
switch from  the fast to the slow  kinetic modes. Once the channels 
are not exposed to the cytoplasm ic factor, the channel is locked in 
the f a s te r  k in e tic  m o d a lity . A no ther ex p lan a tio n  fo r  the 
d if fe re n c e s  in  reco rd in g  m o d a litie s  is that  th e  re d u c in g  
en v iro n m en t o f the cell is d isru p ted  by w hole c e ll record ing . 
R u p p e r s b e r g  et al. (1991) have found that the fast inactivation  
ra te  o f  Kv 1.4 is a ltered  by ox ida tion  of a p a rtic u la r  cystine
residue. This oxidative environm ent can be controlled by addition 
o f d ith io th reito l to the whole cell patch pipette.
A possib le  w ay to investigate the w hole cell versus nysta tin  patch 
p h en o m en o n  w ou ld  be to  p u r ify  q u a n titie s  o f  H EK  293 
cy top lasm ic  ex trac t and use th is ex trac t as p ipette  so lu tion  in 
w hole c e ll record ing . It has been  shown that d ia lysis o f the
contents o f  cells in w hole cell recording can alter the currents as
well as the  m odulation o f currents. One could then fractionate the
ex tra c t and  d e term in e  w h e th e r a so lub le  sm all m o lecu le  or 
protein is sufficient to restore the inactivation process.
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T a b le  5 .1 : H a lf  a c t iv a t io n  p o in ts  a n d  s ta n d a r d  d e v ia tio n
o f  d a ta  fo r  w hole ce ll c u r re n ts :  The half activation points of
co n d u c tan ce  vo ltage cu rves derived  from  w hole ce ll cu rren t 
records from  HEK 293 ce lls  expressing w ild type, m utant, and 
drug treated wild type K v l.5 . A. Currents recorded w ith 120 mM 
KC1 in the patch pipette. B. Currents recorded with 60 m M  KC1 and 
60 m M  Choline Cl in  the patch pipette. (** indicates p< .003, * 
indicates pc.O l)
















A. wild type Cl mutant C2 m utant C12 mutant CIS mutant C23 mutant
half activation (mV±sd) 7.42±1.79 9.79±2.82 6.93±4.60 8,47±0.69 3.02il.28 ** 7.15i2.29
slope of G-V (sd) 11.26±0.88 11.28±1.41 12.7±1.30 10.85±1.59 10.83i0.92 ll.88il.82
current magnitude (nA±sd) 6.35±4.00 6.57±5.48 11.69±5.67 5.09±3.10 6.27±2.24 9.30i5.84
capacitance (pF±sd) 1.52±0.15 1.65±0.25 0.91±0.23** 1.48±0.29 1.50i0.42 1.29i0.15
series resistance 
(Mohmisd)
0.54±0.54 0.58±0.12 0.51±0.09 0.59±0.12 0.72±0.18 0.61i0.15
current density (nA/pF±sd) 4.32±2.83 4.09±3.35 12.67±5.62* 3.65±2.39 4.36il.66 7.22i4.46
C123 mutant N1C123 m utant short H8 H8 treated cells 
treatm ent
half activation (mV±sd) 8.00±2.21 6.83+1.01 9.33±2.33 3.99±1.41 *
slope of G-V (sd) 11.89±1.52 11.70i0.46 11.16±1.34 10.16i0.78
current magnitude (nA&sd) 7.52±4.64 5.41±2.27 7.86i4.62 5.85il.91
capacitance (pFfsd) 1.21±0.08 ** 1.30±0.14 1.46i0.41 1.32i0.21
series resistance (MQtsd) 0.71±0.28 0.49±0.07 0.60i0.19 0.52i0.06




w ild  ty p e  CPT cAM P C3 m u ta n t
h a l f  a c t i v a t i o n  -0.63+0.91 -l.I9±1.53 -0.76±1.87
( m V + s d )
slope o f G-V (sd) 6.68+0.91 7.34+1.53 7.39±1.87
c u r r e n t  m a g n i t u d e  7.08+1.81 6.70+1.28 5.78+3.57
( n A j j d )
c a p a c i t a n c e  (p F ± .s d )  1.76±0.13 1.66±0.42 1.72+0.45
s e r i e s  r e s i s t a n c e  1.95+0.27 1.62+0.19 1.22+0.51
( M f i ± s d )
c u r r e n t  d e n s i ty  4.00+0.94 4.23+1.38 3.57+1.94
(n  A / p F i s  d )
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F ig u re  5 .1 : W h o le  ce lls  c u r r e n ts  r e c o rd e d  fro m  a n  H E K
293 cell e x p re s s in g  K v l .5 .  W hole cells currents evoked from  
a cell expressing K v l.5 . Holding voltage was -80 V. D epolarizing 
pulses were given in 10 mV increm ents from  -60 to +100 mV.




Kv1.5 whole cell current
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F ig u re  5 .2 : N o rm a liz ed  c o n d u c ta n c e -v o lta g e  c u rv e s  f o r
w ild  type. C l ,  C2, C13, an d  H8 tr e a te d  cells. Data from five 
cells for each condition were used. C urrent data was converted to 
conductance, norm alized  to a m axim um  value o f one and then 
averaged w ith o ther data sets for the sam e condition.
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F ig u re  5 .3 : N o rm a liz e d  c o n d u c ta n c e -v o lta g e  c u rv e s  fo r
w ild  ty p e  K v l .5  a n d  C P T  cA M P  tr e a te d  w ild  ty p e  ce lls  
e x p re s s in g  w ild  ty p e  K v l .5 .  D ata from  five ce lls  fo r each 
condition w ere used. C urrent data was converted to conductance, 
norm alized to a  m axim um  value of one and then averaged with 
other da ta  sets for the sam e condition. Cells w ere trea ted  w ith 
CPT cA M P fo r nine to ten hours. P ipette  so lu tion  in these 
experim ents contained 60 mM  KC1 and 60 mM C holine ch loride 
instead o f the usual 120 mM  KCl.
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F ig u re  5 .4 : C o m p ariso n  o f  w h o le  ce ll a n d  n y s ta t in  p a tc h  
c u r r e n ts  fro m  H E K  293 cells e x p re ss in g  K v l.5 . A . W hole 
cell records from HEK 293 cells. Holding voltage was -80. Voltage 
steps w ere given in 10 mV increm ents to +90. B . N ystatin patch 
currents o f  the same cell line using the same pulse protocol. Data 
in both A and B are leak  su b tra c te d  (P /4  p ro to co l) , and 
com pensa ted  fo r capacitance and resis tan ce . C . W hole cell 
records from  an HEK 293 expressing K v l.5 . The p ipette in this 
experim ent contained the same solu tion  as in part B. However, 
the patch under the pipette was in ten tionally  ruptured to allow 
the pipette solution to enter the cell.
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F ig u re  5 .5 : N y s ta t in  p a tc h  c u r r e n ts  fro m  w ild  ty p e , C 1 3 , 
an d  H 8 tr e a te d  w ild  ty p e  cells. A . R epresentative fam ilies o f 
traces from  three conditions. Holding voltage was -80 mV. Pulses 
were given at 10 m illivolt increments to a final voltage o f +90 m V. 
H8 was used at a  concentration o f 100 pM  for 45 minutes p rior to 
recording as w ell as in the recording bath solution. B. Bar graph 
rep resen tin g  th e  av e rag e  inactiva tion  tim e co n stan ts  fo r th e  
nystatin patch data . E rror bars are the standard deviation o f  the 
data. (* ind icates p< .01, ** indicates p< 0.02). The average 
m agnitude o f cu rren t at + 90 mV w ere as follow s; w ild type  
9 .88+2.43 nA, C13 m utant 6.49+4.77 nA, and H8 treated wild type 
cells 8.86+^6.94 nA  (+_ sd, n=5 for each condition). Inverse series 
resistances for the  currents were as follows; w ild type 1 .19± .0 .76 
M O -1 , C13 1.64+0.67 M O -1 , and H8 treated cells 1.65+0.23 M£2- 1 .
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F ig u re  5 .6 : N o rm a liz e d  c o n d u c ta n c e -v o lta g e  c u rv e s  fo r
w ild  ty p e ,  C 1 3 , a n d  H 8  t r e a t e d  c e lls  d e r iv e d  f ro m  
n y s ta t in  p a tc h  reco rd s . D ata from  five cells for each condition 
w ere u sed . C urren t d a ta  w as co n v e rted  to co n d u c tan ce , 
norm alized  to a m aximum value o f one and then averaged with 
other da ta  sets for the same condition.
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C h a p te r  6
1. T h is  thesis d esc rib es  the localization , e lec trophysio log ica l 
behav ior, and m odulation o f  a ra t shaker-type potassium  channel, 
K v l.5 . W e found that the channel is expressed in a  num ber of 
reg ions o f the brain, prim arily  in  glia but also in the pituitary. We 
also  found that the k inetics o f  the channel in voltage clam p vary 
depend ing  on the m odality  o f  recording. The channel is directly 
p h o s p h o ry la te d . K v l .5  c u r re n t  can  be m o d u la te d  by 
p h o s p h o ry la t io n .
2 T his w ork com bined w ith the findings of D rain et. al. (1994) 
su ccessfu lly  identifies a ro le  fo r each o f the C -term inal putative 
p h o sp h o ry la tio n  sites in  K v l.5 . The firs t and th ird  sites are 
resp o n sib le  for regulation  o f the voltage-dependence o f activation 
an d  the  inactivation  p rocess as presented in this thesis, whereas 
the second site, which is conserved in all Shaker type  channels 
and , is part of the N -type inactivation process (D rain , 1994). In 
K v l.5  there is no ball and  chain  structure and as such, mutations 
in  the ser546 (C2) site alone do not have any effect on the overall 
k ine tic  properties o f the channel.
3 T he ro le  of the m odula tion  o f inactivation o f K v l.5  can be 
d iscussed  in a num ber o f  d iffe ren t contexts because the channel is 
e x p re s se d  in a v a r ie ty  o f  tis su es  (Sw anson  et al., 1990). 
F u rtherm ore , a discussion o f the role of K v l.5  in any given cell 
type is oversim plified un less one considers the presence and role 
o f  the o th er voltage, ion , and ligand gated po tassium  channels 
presen t in  the cell. G lial cells m ay use K v l.5  and its modulation to 
b ias potassium  release to the blood vessels and aw ay from  regions 
o f  h ig h  neuronal a c tiv ity  by  localiz ing  K v l.5  channels that 
inactiva te  to the soma. T hus, during the initial burst o f neuronal 
ac tiv ity  there is a dum ping o f potassium  to the blood vessels and 
to  the res t o f the space surrounding  the cell. H ow ever, as 
n e u ro n a l a c tiv ity  c o n tin u e s  to  cause the  ac cu m u la tio n  of 
p o tassium  in the ex trace llu la r space, the K v l.5  channels in the
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som a o f the g lia  inactivate and only the channels in the endfeet 
rem ain active. Thus in the case where there is minimal activity in 
a given region there w ill not be significant depletion of the local 
po tassium  reso u rces. H ow ever, w hen the need for bu ffering  
occurs, the glial cell is able to handle the increased potassium load. 
Roy et al. (1996) found that the current produced by K vl.5  mRNA 
in cultured  sp inal cord  astrocytes does not inactivate. T his is 
likely due to the fact that these cells have been cultured, a process 
w hich is know n to a lte r the curren ts o f  spinal cord astrocy tes 
(S o n th e im e r  et al., 1993 and 1994). A lternatively, the process of 
breaking into the w hole cell configuration in glia, like in H EK  293 
cells, causes a loss o f  the inactivating com ponent.
4 K v l.5  mRNA expression has previously  been dem onstrated in 
h e a r t tis su e  (S w an so n  et al., 1990). In heart, the channel 
probably helps to  repolarize the cardiac action potential. A shift 
in  g a tin g  p ro p e r t ie s  in  th e  d e p o la r iz e d  d ire c tio n  by 
phosphory lation  w ould  tend to m ake the cells more exc itab le . 
Increased inactivation  w ould m ake the  repolarization  slow er and 
therefo re  increase  co n trac tility . H ow ever, a second po tassium  
channel cloned from  ra t heart has been found to increase its 
activ ity  with ac tivation  o f  PKA (Paulm ichi et al., 1991; H uang et 
al.,  1993). This second channel's sho rt term  response to PKA 
would tend to coun ter act the effects o f  phosphorylation o f K v l.5 . 
As such the m odulatory effects of K v l.5  in the heart may be more 
su b tle .
It is interesting to note that although the hum an heart analog of 
K v l.5  is 86% identical to the rat clone, the C l PKA site is not 
p resen t in the hum an clone (T am kun et al., 1992; am ended  
sequence in G enB ank) o r in the can ine hom ologue o f K v l.5  
(accession num ber uo8596). The absence o f  the C l site w ould 
in c rease  the p ro b a b ility  th a t the ch an n e l w ould be in the 
dephosphorylated state. One can ask i f  the Tamkun et al. channel 
is the only K v l.5  expressed in human or if  there is a form with 
the C l site expressed in brain as w ell. Since the rat clone was
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derived from  brain and not heart it is not clear if  the rat heart 
K v l.5  analog is m ost sim ilar to rat brain or human heart channel. 
T he overall sim ilarity betw een hum an heart and ra t brain K v l.5  
im plies that northern b lo t analysis using a coding reg ion  probe 
w ould hybridize to both form s. Since Swanson et al. (1990) used 
such a probe they m ight have detected two bands if  in fact two 
isoform s were present in heart. Tamkun et al. perform ed genom ic 
southern blots on human DNA and found only one band, but his 
probe contained 3' noncoding region and the blot was probed at 
h igh  stringency . Thus T am kun  et al. w ould only  de tec t the 
sequences d irectly  co rrespond ing  to their probe. O ne possible 
w ay to reso lve th is q u es tio n  is to perform  RN A se pro tection  
assays on canine brain mRNA using canine heart K vl.5  as a probe 
to determ ine if  the brain contains different, or the sam e forms of 
the transcript. This w ould c larify  if  the brain contains transcripts 
that, like the heart transcript, do not contain the C l site.
A tta li et al. have cloned the m ouse cardiac form of K v l.5  and have 
found that there are three isoform s of the channel expressed in 
m ouse heart. The longest contains all four of the phosphorylation 
sites. One is m issing the N -term inal 200 amino acids and the 
o ther is m issing the 87 C -term inal am ino acids including the three 
C -term inal PKA sites. (A tta li et al., 1993) It is possible that the 
short form s of the channel described  in that paper are  in fact 
truncated  clones.
5. The tim e course o f dephosphorylation , the length o f the H8 
preincubation  required fo r an effect, the fact that cA M P has no 
ap p aren t e ffec t on the a c tiv ity  o f  channels in th e  p lasm a 
m em brane, the susceptibility  o f  phosphorylated channels to ENDO 
H, and the substantial effect o f  CPT cAM P on the incorporation of 
phosphate m ay im ply tha t th e  e ffec t o f cAM P is on  channels 
before they get to the p lasm a m em brane. Shi et al. (1994) 
dem onstrated that K v l.2  is a lso  phosphorylated in the early  part 
of its assem bly and processing. This is consistent with finding in 
the ac e ty lch o lin e  rece p to r in  w hich  phosphory la tion  on the
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gam m a subunit in the ER causes enhanced  processing  o f the 
c h a n n e l  (G re e n  et al., 1991). In the  case  o f K v l.5  the 
phosphory la tion  m ay a ffec t the a sso c ia tio n  o r nature o f the 
association  o f the channel with an accesso ry  subunit or even 
w ith in  the te tram er. T h is also ex p la in s  w hy K v l.5  currents 
expressed  in oocy tes do not inactivate  (Sw anson  et al., 1990). 
O ocytes m ay no t have the necessary accesso ry  subunit or the 
needed kinase. It is possib le that the phosphorylation  of K v l.5  
does enhance both assem bly and transport: W e do not detect a
decrease in the w hole cell currents o f the C l3 double m utant or 
C123 triple m utant K v l.5 . However, the  HEK 293 cells over- 
exp ress the K v l.5  p ro te in  and m ay sa tu ra te  the specifica lly  
regulatable transport system . As we saw in  chapter three, much 
o f the K vl.5  staining in transfected NIH 3T3 cells resides in the 
in trace llu la r  m em branes im plying th a t th e re  is an excess of 
p ro tein  in the ce ll and only a sm all po rtion  o f i t  gets to the 
su rface .
6. W e found tha t m ultip le  kinases act on  the channel m olecule. 
C hapter 4 (Figure 4 .2) dem onstrates that both  PKA and PKG can
act on the K v l.5  m olecule. We did not determ ine which sites are
phosphorylated by PKG . There is precedent for the finding that 
two different kinases (PKA and PKC) convergently  act on a single 
channel (Li et al., 1993). The b io ch em ica l experim en ts we 
perform ed to dem onstrate the sites o f ac tiv ity  o f PKA could be 
rep ea ted  using an ac tiv a to r PKG. F u rth e rm o re , the com bined 
e f fe c ts  o f  th e  tw o  k in a se s  co u ld  be a s se sse d  u sing  
e lec trophysio log ical techn iques.
7. Taken together, the data presented in th is thesis suggest a role 
fo r phosphorylation in  the regulation o f channel activity . The 
reg u la tio n  m ay h ap p en  a t the lev e l o f  p o s t tran sla tio n a l 
modification o f the protein. There are at least tw o kinases that act
on the rat K v l.5  channel. This indicates a po ten tia l cross-talk
betw een  d iffe ren t c e llu la r  signaling  p a th w ay s converg ing  to 
regulate the electrophysio logical behavior o f the channel.
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